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Abstract: The global threat of multidrug-resistant Gram-negative bacterial pathogens necessitates the
development of new and effective antibiotics. FtsZ is an essential and highly conserved cytoskeletal
protein that is an appealing antibacterial target for new antimicrobial therapeutics. However, the
effectiveness of FtsZ inhibitors against Gram-negative species has been limited due in part to poor
intracellular accumulation. To address this limitation, we have designed a FtsZ inhibitor (RUP4)
that incorporates a chlorocatechol siderophore functionality that can chelate ferric iron (Fe>*) and
utilizes endogenous siderophore uptake pathways to facilitate entry into Gram-negative pathogens.
We show that RUP4 is active against both Klebsiella pneumoniae and Acinetobacter baumannii, with
this activity being dependent on direct Fe3* chelation and enhanced under Fe3*-limiting conditions.
Genetic deletion studies in K. pneumoniae reveal that RUP4 gains entry through the FepA and CirA
outer membrane transporters and the FhuBC inner membrane transporter. We also show that RUP4
exhibits bactericidal synergy against K. pneumoniae when combined with select antibiotics, with the
strongest synergy observed with PBP2-targeting 3-lactams or MreB inhibitors. In the aggregate, our
studies indicate that incorporation of Fe**-chelating moieties into FtsZ inhibitors is an appealing
design strategy for enhancing activity against Gram-negative pathogens of global clinical significance.

Keywords: Klebsiella pneumoniae; Acinetobacter baumannii; antibiotic-siderophore conjugate; antibiotic
uptake; FtsZ inhibitor-antibiotic synergy

1. Introduction

The global spread of multidrug-resistant (MDR) bacterial pathogens represents a
public health crisis [1-3]. Patients diagnosed with MDR infections suffer much worse
prognoses, including extended hospital stays and higher mortality rates, than patients with
drug-susceptible infections [1]. Globally, 1.3 million deaths per year are directly attributable
to resistant bacterial infections [4], with this figure predicted to rise to 10 million annual
deaths by 2050 in the absence of intervention [5]. Of particular concern are ESKAPE
pathogens [6], bacterial strains that are typically associated with high rates of clinical
resistance [7,8]. Two of the more resistant ESKAPE pathogens are the Gram-negative species
Klebsiella pneumoniae and Acinetobacter baumannii, each of which is responsible for more than
100,000 deaths annually [2,4]. Current clinical antibiotics, including carbapenems, third
generation cephalosporins, and fluoroquinolones, are becoming increasingly ineffective
against these two pathogens, leaving clinicians with few treatment options [4,9,10].

The threat posed by highly resistant Gram-negative pathogens emphasizes the need
to develop new and effective antibiotics with novel bacterial targets. One promising new
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antibacterial drug target is FtsZ, an essential and highly conserved bacterial divisome
protein that is not targeted by any current clinical drug [11,12]. FtsZ is a GTPase that
polymerizes into a structure known as the Z-ring at the midcell of a dividing bacterium [13].
The FtsZ Z-ring is a major factor in driving bacterial cytokinesis, acting as a scaffold for
recruitment of essential cell division components, which include the cell wall-forming
penicillin-binding proteins (PBPs) [11,14]. In addition, FtsZ acts in concert with the cell
wall synthesis coordinator, MreB, in both septal cell wall synthesis and lateral cell wall
synthesis at the poles of rod-shaped bacteria [15,16].

FtsZ is a highly druggable target, and benzamide-based FtsZ inhibitors (includ-
ing PC190723, TXA707, and TXH9179, as well as their corresponding prodrugs TXY541,
TXA709, and TXH1033, respectively) with potent bactericidal activity against clinically sig-
nificant Gram-positive pathogens, such as methicillin- and vancomycin-resistant S. aureus
(MRSA and VRSA, respectively), have been previously described by us and others [17-31].
However, these FtsZ-targeting drug candidates are typically associated with poor activity
against Gram-negative bacteria [20,32]. One of the principal resistance mechanisms in
Gram-negative bacteria is their outer membrane, a hydrophobic barrier that limits the
intracellular accumulation of most antibiotics, including benzamide FtsZ inhibitors [33-35].
This barrier must be overcome to improve the intracellular uptake of FtsZ inhibitors by
Gram-negative pathogens as well as their resultant antibacterial efficacy.

One appealing approach for enhancing antibiotic uptake by Gram-negative bacteria
is the design of agents that incorporate iron-chelating siderophore functionalities into
their structures [36]. Ferric iron (Fe3*) is an essential nutrient for bacterial growth and
survival, providing a critical redox factor for many important metabolic processes, includ-
ing respiration, oxygen transport, and DNA synthesis [37,38]. However, Fe* availability
is typically limited at sites of infection, due to restriction by the innate immune system
in host environments [37-40]. To facilitate the scavenging of Fe?* from the environment,
bacteria synthesize and export molecules, termed siderophores, which chelate Fe** and are
then internalized by the bacteria via dedicated uptake pathways [41,42]. Many clinically
important Gram-negative pathogens, including K. pneumoniae and A. baumannii, rely on
siderophores for Fe>* acquisition and virulence [43,44]. Incorporation of Fe**-chelating
siderophore functionalities in antibacterial drug structures offers the potential for drug
uptake by endogenous siderophore uptake pathways. In support of this design approach,
cefiderocol, a PBP-targeting cephalosporin analog containing an Fe3*-chelating chlorocat-
echol moiety, has been recently approved for the treatment of complicated urinary tract
infections caused by highly resistant Gram-negative pathogens [45—47].

In this study, we describe a novel oxazole-benzamide FtsZ inhibitor (RUP4) that, like
cefiderocol, incorporates a Fe3*-chelating chlorocatechol moiety. This chlorocatechol moiety
contains hydroxyl groups at the 3- and 4-positions (Figure 1), which are designed to chelate
Fe®*. Significantly, RUP4 is active against both K. pneumoniae and A. baumannii, in marked
contrast to a corresponding negative control compound (RUPS5) that lacks the hydroxyl
group at the 3-position of the catechol moiety (Figure 1). We show that the antibacterial
activity of RUP4 against K. pneumoniae is due to its ability to chelate Fe** and that the
compound utilizes endogenous K. pneumoniae siderophore-Fe** uptake transporters for
entry into the bacteria. We also show that RUP4 acts synergistically against K. pneumoniae
when combined with select 3-lactam antibiotics as well as a MreB inhibitor, with this
bactericidal synergy being greatest upon combination with the PBP2-targeting antibiotic
mecillinam and the MreB inhibitor TXH11106. Viewed as a whole, our results highlight
RUP14 as an appealing proof-of-concept agent for the design of next-generation benzamide
FtsZ inhibitors with enhanced activity against Gram-negative bacterial pathogens.
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Figure 1. Chemical structures of RUP4 and RUPS5. The chlorocatechol siderophore moiety in RUP4
is shown in red. The atomic numbering for the chlorocatechol moiety of RUP4 and the equivalent
ring of RUP5 is also indicated.

2. Results
2.1. Evaluation of RUP4 and RUPS5 for Their Ability to Chelate Fe>*

We first sought to determine the potential for RUP4 and RUP5 to chelate Fe>*. Nolan
and co-workers have shown that catechol chelation of Fe?* is associated with a ligand-to-
metal charge transfer (LMCT) reaction that is manifested by the induction of a peak in the
absorption spectrum of the catechol in the wavelength region of 400-750 nm [48]. In this
connection, we measured the absorption spectra of 50 uM RUP4 and RUP5 in the absence
or presence of an equimolar concentration of Fe>*. The addition of Fe** to RUPA4 resulted
in the induction of a broad absorbance peak in the region between 400 and 750 nm that was
absent from the spectrum of either RUP4 or Fe>* alone (Figure 2A). This induced absorption
peak is indicative of an LMCT reaction (denoted by the green arrow in Figure 2A). We
observed the induction of similar LMCT peaks in the absorption spectra of our positive
comparator control agents 3,4-dihydroxybenzoic acid (34DHBA) and cefiderocol (CEF)
upon addition of Fe** (see spectra in Figure 2B and chemical structures of 34DHBA and
CEF in Figure 2C). Note that the LMCT peak in the spectrum of RUP5 in the presence of
Fe®" is markedly reduced in magnitude compared with the corresponding LMCT peak in
the spectrum of RUP4 (Figure 2A).
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Figure 2. Absorption spectra of RUP4 and RUP5 (A) or 3,4-dihydroxybenzoic acid (34DHBA) and
cefiderocol (CEF) (B) in the absence or presence of an equimolar concentration of added Fe?*. All
compounds were used at a concentration of 50 uM, and all absorbance spectra were acquired in
75 mM Tris-HCl (pH 8.0). The green arrows in (A) and (B) highlight absorption peaks representative
of ligand-to-metal charge transfer (LMCT) reactions associated with compound chelation of Fe3*.
The chemical structures of 34DHBA and CEF are shown in (C).
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2.2. Evaluation of RUP4 and RUPS5 for Antibacterial Activity against K. pneumoniae and
A. baumannii

We characterized the antibacterial activity of RUP4 and RUP5 against K. pneumoniae
(ATCC 10031) and A. baumannii (ATCC 19606) in Fe?’*-limiting M9 media. In these studies,
both compounds were assessed at concentrations up to their limits of solubility, with the
resulting growth profiles being shown in Figure 3. RUP4 inhibits the growth of both
K. pneumoniae (Figure 3A) and A. baumannii (Figure 3B) with similar ICsg values of 25 £ 1
and 24 £ 2 puM, respectively, as well as corresponding minimal inhibitory concentration
(MIC) values of 46 uM against K. pneumoniae and 185 uM against A. baumannii (Table 1).
We also determined the minimal bactericidal concentration (MBC) of RUP4 against K.
pneumoniae to be 92 uM, a value twice the corresponding MIC of 46 pM, with the MBC of
RUP4 against A. baumannii being greater than the solubility limit of the compound (>185
uM). In marked contrast to RUP4, RUP5 did not inhibit the growth of K. pneumoniae or A.
baumannii to any significant degree (Figure 3), with associated 1Csy, MIC, and MBC values
all being greater than the solubility limit of the compound (>95 uM) (Table 1).

K. pneumoniae A. baumannii

100 A -
g 80 s
3 3
o 60 o
z z
3 40
[0 [0}
o o

20

0 1 1 1 0 C 1 1 1 ]
1 10 100 1 10 100
[Compund] (uM) [Compound] (M)

Figure 3. Impact of increasing concentrations of RUP4 or RUP5 on the percent growth of K. pneu-
moniae 10031 (A) or A. baumannii 19606 (B) in modified M9 media. Each experimental data point
represents the average of three replicates, and the error bars reflect the standard deviation from the
mean. The black curves represent nonlinear least squares fits of the experimental data points for
RUP4 using Equation (1).

Table 1. Antibacterial activities of RUP4 and RUPS5 against K. pneumoniae and A. baumannii.

MIC (uM) MBC (uM) ICs5p (uM)
Strain
! RUP4 RUP5 RUP4 RUP4 * RUP5
K. pneumoniae 10031 46 >95 92 25+1 >95
A. baumannii 19606 185 >95 >185 24 +2 >95

MIC and MBC values were determined as described in Materials and Methods Section 4.3. * ICgy values for
RUP4 were determined from fits of the growth profiles shown in Figure 3 using Equation (1), with the indicated
uncertainties reflecting the standard deviation of the fitted curves from the experimental data.

2.3. Impact of Added Exogenous Fe>* on the Antibacterial Activity of RUP4 against K.
pneumoniae

We sought to determine whether the observed activity of RUP4 against K. pneumoniae
is sensitive to the concentration of exogenous Fe>". To this end, we explored the impact of
adding 0, 2, 10, or 25 uM exogenous Fe>* on the activity of RUP4 against K. pneumoniae in
modified M9 media. The resulting growth profiles are shown in Figure 4. Significantly, the
addition of exogenous Fe3* markedly reduced the activity of RUP4, as reflected by ICsg
values that increased with increasing concentrations of added exogenous Fe®* [with these
ICsp values being 23 + 1 uM with 0 uM added Fe®*, 29 + 1 uM with 2 uM added Fe3*,
55 + 6 uM with 10 uM added Fe®*, and 73 + 4 uM with 25 uM added Fe3*] (Table 2).
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Figure 4. Impact of increasing concentrations of added exogenous Fe>* on the antibacterial activity
of RUP4 against K. pneumoniae 10031 in modified M9 media. The media was supplemented with 0, 2,
10, or 25 uM Fe?*. Each experimental data point represents the average of three replicates, and the
error bars reflect the standard deviation from the mean. The solid curves represent nonlinear least
squares fits of the experimental data points using Equation (1).

Table 2. Impact of added exogenous Fe>* on the activity of RUP4 against K. pneumoniae 10031.

Added
[Fe3+] (UM) ICSO (H-M)
0 23+1
2 29+ 1
10 55+ 6
25 73+ 4

ICs5p values were determined from fits of the growth profiles shown in Figure 4 using Equation (1), with the
indicated uncertainties reflecting the standard deviation of the fitted curves from the experimental data.

2.4. Expression of Siderophore Biosynthesis, Exporter, and Uptake Transporter Genes by
K. pneumoniae in Nutrient-Rich CAMH Media Versus Fe’*-Limiting M9 Media

As an initial step toward determining whether RUP4 can utilize the native siderophore-
Fe?* uptake machinery of target bacteria, we first explored how Fe3* restriction affects the
expression of native siderophore uptake, biosynthesis, and exporter genes in K. pneumoniae.
To this end, we used RT-qPCR to compare the expression of key siderophore uptake, biosyn-
thesis, and exporter genes in nutrient-rich CAMH media versus Fe3+-limiting M9 media.
For siderophore uptake transporter genes, we evaluated the expression of the enterobactin
outer membrane transporter fepA, the catecholate outer membrane transporters cirA and fiu,
the ferrichrome outer membrane transporter fiuA, the enterobactin ABC inner membrane
transporter components fepD and fepG (channel components) as well as fepC (ATPase), and
the ferrichrome ABC inner membrane transporter components fhuB (channel) and fhuC (AT-
Pase). For siderophore biosynthesis genes, we evaluated the expression of the catecholate
synthesis pathway component entB and the enterobactin synthesis pathway component
entF. For siderophore exporter genes, we evaluated expression of the enterobactin exporter
entS. The expression of the bacterial transcription factor rho was used as an endogenous
control for all comparisons.

Expression of all siderophore genes was significantly upregulated in M9 media relative
to CAMH media (Figure 5). Among the outer membrane uptake transporters, cirA was
upregulated to the greatest extent (82.1-fold), followed by fhuA, fepA, and fiu at 10.4-, 6.3,
and 4.5-fold, respectively. Among the inner membrane uptake transporters, fepD was
upregulated to the greatest extent (9.7-fold), followed by fhuB and fepG at 2.8- and 2.5-fold,
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respectively. The inner membrane uptake transporter ATPases fepC and fhuC were upreg-
ulated by 16.1- and 5.9-fold, respectively. Finally, the catecholate siderophore synthesis
genes entF and entB as well as the siderophore exporter gene entS were upregulated by
44.8-,12.0-, and 30.1-fold, respectively.

Figure 5. Relative expression of Fe?* uptake outer membrane transporter, inner membrane trans-
porter, inner membrane transporter ATPase, catecholate siderophore synthesis, and siderophore
exporter genes in K. pneumoniae 10031 cells grown in either cation-adjusted Mueller Hinton (CAMH)
or modified M9 media. Each bar represents an average of five replicates, and the error bars reflect the
standard error from the mean. The statistical differences between gene expression levels in CAMH
and M9 were determined by a Student’s t-test. ***, p < 0.001; **, 0.01 > p > 0.001; *, 0.05 > p > 0.01.

2.5. Impact of Deleting Select Siderophore-Fe>* Uptake Transporter Genes on RUP4 Activity
against K. pneumoniae

Towards the goal of elucidating the specific uptake pathway of RUP4, we generated
mutant strains of K. pneumoniae containing a deletion of the siderophore-Fe>* outer mem-
brane transporter fepA, fiu, or cirA. We then compared the activity of RUP4 against each
of these deletion mutant strains (AfepA, Afiu, or AcirA) relative to the activity against the
wild-type (WT) K. pneumoniae strain, with the corresponding growth profiles comparing
AfepA and AcirA versus WT being shown in Figure 6A. The activity of RUP4 was attenuated
by approximately 4-fold against the AfepA mutant and 2-fold against the AcirA mutant,
as reflected by ICs( values of 75 £ 5 pM for the AfepA strain and 35 £ 5 uM for the AcirA
strain relative to 18 £ 1 uM for WT (Table 3). By contrast, the activity of RUP4 against the
Afiu strain (ICsg = 22 &= 4 pM) was comparable to the activity versus WT (Table 3).
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Figure 6. (A-C) Impact of deleting the fepA (A), cirA (B), or fepC (C) gene on the antibacterial activity
of RUP4 against K. pneumoniae 10031 in modified M9 media. Each experimental data point represents
the average of five replicates, and the error bars reflect the standard error from the mean. The solid
curves represent nonlinear least squares fits of the experimental data points using Equation (1).
(D) Relative expression of Fe3* uptake outer membrane transporter, inner membrane transporter,
and inner membrane transporter ATPase genes in wild-type (WT) versus AfepC K. pneumoniae 10031
cells grown in modified M9 media. Each bar represents an average of five replicates, and the error
bars reflect the standard error from the mean. The statistical differences between relative gene
expression levels in WT versus AfepC cells were determined by a Student’s f-test. ***, p < 0.001;
**,0.01 > p>0.001;% 0.05>p>0.01.
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Table 3. Impact of deleting specific siderophore-Fe3* uptake transporters on the activity of RUP4
against K. pneumoniae 10031.

Strain IC5p (uM)
WT 18+1
AfepA 75+5
AcirA 35+5
Afiu 22+4
AfepC 5.6 +0.1

IC5¢ values were determined from fits of growth profiles represented by those shown in Figure 6 using Equation (1),
with the indicated uncertainties reflecting the standard deviation of the fitted curves from the experimental data.

We also generated a mutant strain of K. pneumoniae containing a deletion of the
siderophore-Fe®* inner membrane transporter ATPase fepC, with the corresponding growth
profiles comparing AfepC versus WT being shown in Figure 6C. Unlike the attenuated
activity exhibited by RUP4 versus the AfepA and AcirA mutant strains relative to WT, the
corresponding activity of the compound versus the AfepC mutant strain was enhanced by
approximately 3-fold (IC5yp = 5.6 &= 0.1 uM) relative to WT (Figure 6C, Table 3). To further
explore the basis for the increased activity of RUP4 against the AfepC mutant, we used RT-
qPCR to compare the expression of the siderophore outer membrane uptake genes fepA, fiu,
cirA, and fhuA as well as the inner membrane uptake genes fepD, fepG, fhuB, and fhuC in the
AfepC mutant strain relative to WT. The expression of all the tested genes was significantly
upregulated (Figure 6D). Among the outer membrane uptake genes, expression of fepA
was upregulated to the greatest extent (3.7-fold), followed by fiu, cirA, and fhuA at 2.3-, 1.8-,
and 1.7-fold, respectively. Expression of the inner membrane uptake genes fepD, fepG, fhuB,
and fhuC was upregulated by 1.6-, 1.8-, 1.9-, and 2.3-fold, respectively.

2.6. Direct Binding of RUP4 to Purified K. pneumoniae FtsZ (KpFtsZ)

As an initial step towards the validation of FtsZ as the antibacterial target of RUP4, we
sought to demonstrate that RUP4 can directly interact with purified KpFtsZ. To this end,
we leveraged the intrinsic fluorescence properties of RUP4, whose excitation and emission
spectra are shown in Figure S1. Specifically, we monitored the impact of added KpFtsZ on
the fluorescence anisotropy of RUP4 at 25 °C. The addition of KpFtsZ induced an increase
in fluorescence anisotropy with increasing protein concentration (Figure 7A), indicative of
a direct binding reaction. The resulting binding profile was fit with Equation (2) to yield a
K, value of 49 + 5 uM.

2.7. Impact of RUP4 on Cell Division and FtsZ Localization in K. pneumoniae

To further establish FtsZ as the antibacterial target of RUP4, we explored the impact
of RUP4 treatment on cell morphology and FtsZ localization in K. prneumoniae grown in
Fe3+—limiting M9 media. In these studies, K. pneumoniae cells were treated for 3 h with
either DMSO vehicle or RUP4 at 185.3 uM (4 x MIC) and then labeled with 0.1 uM BOFP.
Differential interference contrast (DIC) and fluorescence micrographs of the treated cells are
shown in Figure 7B-E. Treatment with vehicle results in normal cell morphology and size,
with approximately 3-8% of cells actively undergoing cell division. An actively dividing
cell with FtsZ localized to the septum at the midcell is highlighted by the white arrow in
Figure 7C. In non-dividing vehicle-treated cells, FtsZ often appears to localize in punctate
regions at the cell poles (Figure 7C). In contrast to vehicle treatment, RUP4 treatment results
in enlarged and elongated cells with no defined septa and FtsZ more diffusely localized
to foci throughout the cell as well as along the cell periphery (Figure 7D,E). This pattern
of behavior is similar to that previously observed in rod-shaped bacteria that have been
treated with a FtsZ inhibitor or in which FtsZ has been depleted [20,49,50].
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Figure 7. (A) Fluorescence anisotropy (r) of 20 uM RUP4 as a function of increasing concentrations of
K. pneumoniae FtsZ (KpFtsZ). The titration experiment was conducted at 25 °C in a solution containing
50 mM Tris-HCl (pH 7.6) and 50 mM KCI. The solid curve represents a nonlinear least squares fit
of the experimental data points using Equation (2), with the indicated dissociation constant (K;)
value being derived from this fit. (B-E) Differential interference contrast (DIC) and fluorescence
micrographs of K. pneumoniae 10031 cells treated for 3 h with either DMSO vehicle (B,C) or 185.3 uM
(4x MIC) RUP4 (D,E). The fluorescence micrographs in (C,E) depict cells labeled with BOFP just
prior to visualization. The white arrow in (C) highlights an actively dividing cell with FtsZ localized
to the septum at midcell. Scale bars reflect 1 pm.
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2.8. Bactericidal Synergy of RUP4 in Combination with Select PBP-Targeting B-Lactam
Antibiotics and an MreB-Targeting Agent against K. pneumoniae

We assessed the potential of RUP4 to act synergistically in combination with various
PBP-targeting 3-lactam antibiotics [mecillinam (MEC), amoxicillin (AMX), piperacillin
(PIP), cefazolin (CFZ), imipenem (IMI), and meropenem (MER)] as well as an MreB-
targeting agent TXH11106 (TXH) we have previously developed [51]. In this connection,
we evaluated the intrinsic activities of the test agents against K. pneumoniae, with the re-
sulting MIC values being listed in Table S1. We then used a checkerboard assay to define
the fractional inhibitory concentration (FIC) of each test agent and RUP4 when used in
combination against K. pneumoniae. For each combination, synergy is indicated when the
FIC values for both agents are <0.25. Figure 8 shows the isobolograms plotting the FICs
for RUP4 as a function of the FICs for MEC (Figure 8A), PIP (Figure 8B), IMI (Figure 8C),
or TXH (Figure 8D). All four test agents act synergistically with RUP4, as indicated by
the presence of combination FICs in the lower left quadrant of the isobolograms (on or
to the left of the black dashed line in each plot). The corresponding isobolograms for the
combinations of RUP4 and CFZ, AMX, or MER are plotted in Figure S2, with these plots
revealing additive behavior (with combination FICs falling to the right of the black dashed
line and on or to the left of the gray dashed line).

FIC of RUP4
FIC of RUP4

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
FIC of MEC FIC of PIP
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1 0 1 1 ~

FIC of IMI FIC of TXH

Figure 8. Isobolograms for K. pneumoniae 10031 treated with a combination of RUP4 and either
mecillinam (MEC) (A), piperacillin (PIP) (B), imipenem (IMI) (C), or TXH11106 (TXH) (D). In each
plot, the black dashed line indicates the upper boundary for a synergistic combination, while the gray
dashed line indicates the upper boundary for an additive combination. FIC denotes the fractional
inhibitory concentration, as defined in Materials and Methods (Section 4.8.1.).

Another indication of synergistic versus additive activity is provided by the FIC index
(FICI), defined as the sum of the FICs of the two agents being tested in combination. A
FICI < 0.5 is indicative of synergy, while a FICI > 0.5 but <1 is reflective of additivity.
The synergistic actions of RUP4 in combination with MEC are reflected by a FICI of 0.251
(Table 4), with those of RUP4 in combination with PIP, IMI, or TXH being reflected by FICI
values of 0.5. The additive behavior of RUP4 in combination with CFZ, AMX, or MER is
reflected by FICI values of 0.508, 0.531, and 0.531, respectively (Table 4).

10



Antibiotics 2024, 13, 209

Table 4. Combinatorial activities RUP4 and select PBP-targeting (-lactam antibiotics or an MreB-
targeting agent against K. pneumoniae 10031.

Test Agent (TA) FICta FICRruPs FICI
MEC 0.0005 0.25 0.2505
PIP 0.25 0.25 05
IMI 0.25 0.25 05
TXH 0.25 0.25 0.5
CFZ 0.008 05 0.508
AMX 0.031 05 0.531
MER 0.031 05 0.531

MEC = Mecillinam; PIP = Piperacillin; IMI = Imipenem; TXH = TXH11106; CFZ = Cefazolin; AMX = Amoxi-
cillin; MER = Meropenem. FICts and FICgypy reflect the fractional inhibitory concentrations of the indicated
antibacterial test agent and RUP4, respectively. The fractional inhibitory concentration index (FICI) reflects the
sum of FICtp + FICgyps. Synergistic combinations are indicated by a FICI < 0.5 (denoted in red), while additive
combinations are indicated by a FICI > 0.5 but <1.

In addition to checkerboard assays for synergy, we also performed time-kill assays of
RUP4 in combination with MEC, PIP, IMI, or TXH against K. pneumoniae. In these assays,
cells were treated with DMSO vehicle, 0.5x MIC test agent alone, 0.5x MIC RUP4 alone, or a
combination of 0.5x MIC test agent and 0.5x MIC RUP4, and the number of colony-forming
units (CFUs) was assessed after 0, 3, 6, 9, and 24 h of treatment. The resulting time-kill curves
are shown in Figure 9. Treatment with either the test agent alone or RUP4 alone resulted
in growth at 24 h comparable to that of the vehicle. By contrast, the combination of each
test agent with RUP4 resulted in bactericidal behavior. In this connection, complete kill was
observed after 6 h of treatment with the combination of MEC and RUP4, and after 9 h of
treatment with the combination of TXH and RUP4 (Figure 9A,D). Combination of RUP4 and
IMI or PIP resulted in 5-logs of kill within 24 h of treatment (Figure 9B,C).
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Figure 9. Time-kill curves for K. pneumoniae 10031 showing bactericidal synergy between RUP4
and mecillinam (MEC) (A), piperacillin (PIP) (B), imipenem (IMI) (C), or TXH11106 (TXH) (D).
Bacteria were treated with DMSO vehicle (black), test agent alone at 0.5x MIC (red), RUP4 alone at
0.5x MIC (green), or a combination of test agent at 0.5x MIC and RUP4 at 0.5x MIC (blue). Each
experimental data point represents the average of two replicates, with the error bars reflecting the
standard deviation from the mean.
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3. Discussion

Gram-negative bacterial pathogens are often more difficult to treat than Gram-positive
pathogens due to the presence of an outer membrane barrier that limits the intracellular ac-
cumulation of many antibiotics [33,35]. In this connection, benzamide-based FtsZ inhibitors
have been associated with potent activity against Gram-positive pathogens like S. aureus
while exhibiting poor or no activity against Gram-negative pathogens [17-31,34]. Here, we
describe a strategy for overcoming this limitation by developing an oxazole-benzamide
FtsZ inhibitor (RUP4) that incorporates a chlorocatechol siderophore moiety (Figure 1) and
can utilize endogenous siderophore-Fe3* uptake pathways to facilitate entry into the target
bacterial cells. Significantly, RUP4 is active against both K. pneumoniae and A. baumannii
(Figure 3, Table 1), two Gram-negative pathogens of acute clinical importance. As indicated
by MIC, the observed activity of RUP4 is approximately 4-fold greater against K. pneumo-
nige (MIC = 46.3 uM) than against A. baumannii (MIC = 185.3 uM), though RUP4 exhibited
a similar ICsy value of approximately 25 pM against both pathogens (Table 1).

3.1. Importance of the Catechol Siderophore Functionality for the Antibacterial Activity of RUP4

Our design strategy is premised on the hypothesis that the catechol siderophore
moiety plays an important role in promoting the observed antibacterial activity of RUP4.
To this end, we first sought to establish that the two hydroxyl groups at positions 3 and 4
of the RUP4 catechol functionality (Figure 1) can chelate Fe3*. Catechol chelation of Fe3*
is associated with a ligand-to-metal charge transfer (LMCT) reaction that is measurable
by the induction of an absorption peak between 400 and 750 nm [48]. Consistent with
such an Fe®* chelation reaction, RUP4 exhibits a robust LMCT peak in the presence of
Fe3* that is absent in the absorption spectra of either RUP4 or Fe* alone (Figure 2A).
The Fe**-chelating capability of RUP4 is further supported by the corresponding spectra
of the positive control molecules cefiderocol and 34DHBA, which exhibit similar LMCT
peaks in the presence of Fe?* (Figure 2B). By contrast, the spectrum of the negative control
compound RUPS5, which lacks the 3-hydroxyl on the catechol ring, has a markedly reduced
LMCT peak (Figure 2A), indicative of an attenuated ability to chelate Fe3*.

Armed with the knowledge that RUP4 chelates Fe®* to a significantly greater extent
than RUP5, we determined if this differential capability manifested in a corresponding
difference in antibacterial activity. Significantly, in striking contrast to RUP4, RUPS5 exerts
a minimal impact on the growth of either K. pneumoniae or A. baumannii at concentrations
up to its solubility limit of approximately 95 uM (Figure 3, Table 1). The absence of
significant RUP5 activity implies that the antibacterial activity of RUP4 is linked to its
ability to chelate Fe>*. Consistent with this notion, we show that the activity of RUP4
against K. pneumoniae is systematically reduced in the presence of increasing concentrations
of added exogenous Fe** (Figure 4), with ICsq values ranging from 23 M in the absence
of added Fe?* to 73 uM in the presence of 25 uM added Fe3* (Table 2). In addition, the
expression of siderophore-Fe®* uptake transporter, catecholate siderophore biosynthesis,
and siderophore exporter genes in K. pneumoniae is significantly upregulated under Fe3*-
limiting conditions (Figure 5). These collective results are indicative of RUP4 utilizing
endogenous siderophore-Fe®" uptake pathways for its activity against K. pneumoniae.

We next sought to determine the specific siderophore-Fe3* uptake transporters that
RUP4 can utilize for entry into K. pneumoniae. To this end, we generated deletion mu-
tant strains of three different outer membrane transporters (AfepA, AcirA, and Afiu) in
K. pneumoniae 10031 and compared the activity of RUP4 against each deletion mutant strain
relative to WT. The activity of RUP4 was reduced against both the AfepA and AcirA strains
compared to WT (Figure 6A,B), with the extent of this reduction being approximately 4-fold
for the AfepA strain and 2-fold for the AcirA strain, as reflected by ICsg values (Table 3). By
contrast, RUP4 exhibited similar activity against the Afiu strain relative to WT (Table 3).
These results suggest that RUP4 crosses the outer membrane through both the FepA and
CirA transporters, with FepA being the predominant transporter (schematically depicted
in Figure 10).

12



Antibiotics 2024, 13, 209

il Tt oo
S

@ Periplasm
'

LA e O
wwwlwm S
(FepC)

it
wmww@ il

D
©

Figure 10. Putative mechanism for the uptake of RUP4 into K. pneumoniae by endogenous outer
membrane (OM) and inner membrane (IM) siderophore—Fe3+ uptake transporters.
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We also generated a deletion mutant strain of the inner membrane transporter AT-
Pase fepC. Surprisingly, the activity of RUP4 against the AfepC strain was improved by
approximately 3-fold compared to WT (Figure 6C, Table 3), suggesting that the enterobactin
inner membrane transporter FepCDG is not the principal transporter through which RUP4
crosses the inner membrane. To better understand the enhanced activity of RUP4 against
the AfepC strain, we measured the expression of all siderophore-Fe>* uptake transporter
genes in the AfepC strain relative to WT. Significantly, expression of the outer membrane
transporter genes fepA and fiu, as well as the ferrichrome inner membrane transporter
genes fhuB and fhuC, was among the most upregulated (Figure 6D), with fepA expression
being upregulated to the greatest extent of all (approximately 3.7-fold). As previously
noted, FepA appears to be the principle outer membrane transporter utilized by RUP4.
Furthermore, aside from FepCDG, FhuBC is the only other inner membrane uptake trans-
porter present in K. pneumoniae 10031. These collective results suggest that RUP4 utilizes
the FhuBC transporter for crossing the inner membrane, and the increased activity of RUP4
against the AfepC strain relative to WT is primarily due to the increased expression of genes
encoding the FepA and FhuBC transporters. Viewed as a whole, our genetic studies in
K. pneumoniae are consistent with a putative uptake pathway (depicted in Figure 10) in
which RUP4 utilizes predominantly FepA but also CirA for crossing the outer membrane
while utilizing FhuBC for crossing the inner membrane.

3.2. Validation of FtsZ as the Antibacterial Target of RUP4

As important as establishing the importance of the catechol siderophore moiety for the
antibacterial activity of RUP4 is verifying that incorporation of the catechol functionality
does not hinder the ability of the compound to target FtsZ. In this connection, we first
sought to confirm that RUP4 can directly interact with FtsZ. To assay RUP4 binding, we
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monitored changes in the fluorescence anisotropy of RUP4 as a function of added KpFtsZ.
We found that KpFtsZ increased the fluorescence anisotropy of RUP4 in a concentration-
dependent manner (Figure 7A), indicative of a direct binding reaction. Analysis of the
resulting binding profile revealed that the binding interaction is associated with a K; of
49 uM, a value similar in magnitude to the observed ICsy (25 uM) and MIC (46 uM) of
RUP4 against wild-type K. pneumoniae (Table 1).

To further establish FtsZ as the antibacterial target of RUP4, we explored the impact
of RUP4 on morphology and FtsZ localization in live K. pneumoniae cells. Previous studies
have shown that FtsZ inhibition or depletion in rod-shaped Gram-negative bacteria results
in elongated cells that lack septa, with FtsZ being more diffusely localized throughout the
elongated cell [49,50]. Consistent with this behavior, treatment of K. pneumoniae with RUP4
results in elongated cells that lack septa and exhibit a pattern of dispersed FtsZ localization
(Figure 7D,E). This behavior markedly contrasts that observed in vehicle-treated cells,
which exhibit normal size and shape as well as FtsZ localization either to the poles of
non-dividing cells or to the septa of actively dividing cells (Figure 7B,C).

A third observation consistent with FtsZ being the antibacterial target of RUP4 is
the bactericidal action of the compound, as revealed by an MBC/MIC ratio of 2 against
K. pneumoniae (Table 1). This type of behavior agrees with numerous previous studies
demonstrating that FtsZ inhibitors act in a bactericidal fashion [17-22,25,27,29]. In the
aggregate, the collective studies described above are fully consistent with RUP4 acting as a
FtsZ inhibitor.

3.3. Synergistic Drug Combinations with RUP4

Synergistic antibiotic combinations offer the potential for enhancing potency, reducing
the potential for both toxicity and resistance, and repurposing existing drugs [52]. We
therefore explored if the activity of RUP4 against K. pneumoniae could be enhanced by a
synergistic combination with other antibiotics. To this end, we probed for potential synergy
when combining RUP4 with select 3-lactam antibiotics as well as a MreB inhibitor. RUP4
exhibited bactericidal synergy in combination with the PBP2-targeting antibiotic mecilli-
nam, the PBP3-targeting antibiotic piperacillin, the carbapenem antibiotic imipenem (which
primarily targets PBP2 and PBP4), and the MreB-targeting agent TXH11106 (Figures 8 and 9,
Table 4). The strongest bactericidal synergy was observed with mecillinam and TXH11106,
with complete bacterial kill observed after 6-9 h of combination treatment (Figure 9A,D).
Both PBP2 and MreB are critical components of the bacterial elongasome complex that
synthesizes the lateral cell wall in rod-shaped bacteria and are known to transiently localize
to the early divisome at the septum [15,53,54]. These results suggest that combining FtsZ
inhibitors with agents that target the bacterial elongasome complex, including PBP2 and
MreB, is an especially appealing strategy for enhancing the activity of FtsZ inhibitors
against Gram-negative pathogens. In addition, mecillinam is associated with very poor
intrinsic activity against K. pneumoniae 10031, with an associated MIC of 3147 uM (Table S3).
However, combination with RUP4 strongly activates mecillinam, as reflected by an FIC
of 0.0005 (Table 4). Thus, combination with FtsZ inhibitors can also repurpose {3-lactam
antibiotics for use against Gram-negative pathogens that were previously resistant to those
drugs. Future studies will be directed at further optimizing the antibacterial activity of
RUP4 both through chemical modification and in combination with other antibiotics.

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

K. pneumoniae ATCC 10031 and A. baumannii ATCC 19606 were acquired from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Strains of K. pneumoniae
10031 containing the AfepA, Afiu, AcirA, and AfepC deletions were generated as described
in the Supplementary Materials (Section 2). Unless otherwise noted, bacterial strains were
grown in modified M9 minimal growth media (6.8 g/L NayHPOy, 3 g/L KH;POy4, 0.5 g/L
NaCl, 1 g/L NH4Cl) supplemented with 0.4% glucose, 2 mM MgSQOy, 0.1 mM CaCl,,
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0.2% low-iron casein amino acids, and 16.5 ug/mL thiamine hydrochloride [48]. Agar,
casein amino acids, cation-adjusted Mueller-Hinton (CAMH) media, Luria-Bertani (LB)
media, and trypticase soy agar (ISA) were obtained from Becton Dickinson (Franklin Lakes,
NJ, USA). Phosphate-buffered saline (PBS) was obtained from Lonza (Walkersville, MD,
USA), and Tris-acetate-EDTA (TAE) buffer was obtained from Thermo Fisher Scientific
(Waltham, MA, USA. Imipenem was obtained from LKT Labs (St. Paul, MN, USA), mecil-
linam was obtained from RPI (Mount Prospect, IL, USA), and meropenem was obtained
from Toku-E (Bellingham, WA, USA). Amoxicillin, piperacillin, cefazolin, pentamidine
isethionate, D-(+)-glucose, and thiamine hydrochloride were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

4.2. Compound Synthesis and K. pneumoniae FtsZ Protein Expression and Purification

RUP4 and RUP5 were synthesized as detailed in the Supplementary Materials. BOFP
was synthesized as described previously [49] and is also available from Millipore-Sigma
(#5CT090). TXH11106 was synthesized as described previously [51]. K. pneumoniae FtsZ
(KpFtsZ) was expressed and purified as described previously [49].

4.3. Antibacterial Assays

Two-fold serial dilutions of RUP4 and RUP5 were prepared in microtiter plates con-
taining M9 media following Clinical and Laboratory Standards Institute (CLSI) protocols
for broth microdilution assays [55]. The final volume in each well was 100 pL, and each test
concentration was present in triplicate. Log-phase bacteria were added to the microtiter
plates at a final concentration of 5 x 10° CFU/mL. All plates were incubated with shaking
at 37 °C for 18 h. Bacterial growth in each well was determined by measuring the optical
density at 600 nm (ODg) using a VersaMax plate reader (Molecular Devices, San Jose, CA,
USA). The percent growth of bacteria in each well corresponding to the associated ODgg
value was then determined by normalization with the ODg value associated with the
bacterial growth in the absence of the test compound (100% growth) and the background
value in M9 media alone (0% growth). These percent growth values were then plotted
versus compound concentration (C), and ICsy values were derived from non-linear least
squares fits of the resulting plots with the following relationship:

Percent Growth = —— (1)
1+ (&)

In this relationship, m is the Hill slope.

Values of MBC for RUP4 were determined by plating (in triplicate) on TSA plates
50 uL of solution from the wells corresponding to 1x, 2, and 4x MIC. These plates were
incubated at 37 °C for 24 h and counts of CFU/mL were then determined. MBC values
were defined as the lowest compound concentration that yielded >3 logs of kill relative to
the initial inoculum of 5 x 10° CFU/mL.

For assays determining the effect of added exogenous Fe** on RUPA4 activity, separate
tubes containing 5 mL of M9 media were supplemented with 0, 2, 10, or 25 uM FeCl;. The
tubes were then inoculated with K. pneumoniae 10031 and incubated with shaking at 37 °C
overnight. The overnight cultures were then diluted 1:10 in M9 media supplemented with
the appropriate concentration of FeCl; and incubated with shaking at 37 °C to mid-log
phase. Microtiter plates containing two-fold serial dilutions of RUP4 were prepared as
described above. The M9 media in each plate was supplemented with 0, 2, 10, or 25 pM
FeClz. Each microtiter plate was then inoculated with 5 x 10° CFU/mL of log-phase
bacteria grown in the corresponding concentration of FeCls, and the microtiter plates were
then incubated with shaking at 37 °C for 18 h. Bacterial growth in each well was determined
as described above.
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4.4. Absorption Spectroscopy

All absorption experiments were conducted at 25 °C using an AVIV model 14DS spec-
trophotometer (Aviv Biomedical, Lakewood, NJ, USA) equipped with thermoelectric tem-
perature control. Solutions containing 50 pM of either RUP4, RUPS5, 3,4-dihydroxybenzoic
acid (34DHBA), or cefiderocol (CEF) were prepared in 75 mM Tris-HCl (pH 8.0), and an
absorbance spectrum of each solution was acquired from 750 to 400 nm in 1-nm increments
(with an averaging time of 0.5 s for each reading). Furthermore, 50 uM of FeCl; was
added directly to each compound solution, and an absorbance spectrum was obtained as
described above. Corresponding absorbance spectra of buffer alone and buffer with 50 uM
FeCl; were acquired as background controls.

4.5. Fluorescence Spectroscopy

Fluorescence spectroscopy experiments were conducted at 25 °C using an AVIV Model
ATF105 spectrofluorometer (Aviv Biomedical, Lakewood, NJ, USA), with bandwidths set
to 5 nm in both the excitation and emission directions. Excitation and emission spectra
of 20 uM RUP4 (in buffer consisting of 50 mM Tris-HCl, pH 7.6, and 50 mM KCI) were
acquired in 1-nm increments with an averaging time of 1 s for each reading. The excitation
spectrum was acquired with the emission wavelength set at 508 nm, and the emission
spectrum was acquired with the excitation wavelength set at 319 nm. For these experiments,
a quartz cell (Hellma, Plainview, NY, USA) was used with a path length of 1 cm in both the
excitation and emission directions.

For the fluorescence anisotropy measurements, the excitation and emission wave-
lengths were set to 319 and 508 nm, respectively. KpFtsZ was titrated into a solution
containing 20 pM RUP4 in the same buffer used for the acquisition of the excitation and
emission spectra, with the final concentrations of KpFtsZ ranging from 2-91 uM. After each
protein addition, the samples were equilibrated for 5 min, and the fluorescence anisotropy
(r) was recorded, with each r value being the average of 5 readings. For these experiments,
a quartz ultra-micro cell (Hellma, Plainview, NY, USA) was used with a 2 mm x 5 mm
aperture and a 15 mm center height. The path lengths in the excitation and emission
directions were 1 and 0.2 cm, respectively.

Values of ¥ were plotted as a function of KpFtsZ concentration, and the K; value for
the binding reaction was derived from the non-linear least squares fit of the resulting plot
with the following 1:1 binding formalism:

r=ro+ (r;‘fp‘]t:f) % ([Ch + [Pl + Ka) =/ (Clos + [Phoy +Ka)* = 41ChPlir @

In this relationship, rq is the fluorescence anisotropy in the absence of KpFtsZ, r« is the
fluorescence anisotropy in the presence of an infinite concentration of KpFtsZ, [C] is the
total concentration of RUP4, and [P]y is the total concentration of KpFtsZ.

4.6. Differential Interference Contrast (DIC) and Fluorescence Microscopy

Log-phase K. pneumoniae 10031 bacteria were diluted to 0.1 ODgg and treated (with
shaking) for 3 h at 37 °C with RUP4 at 4x MIC (185 uM) or an equal volume of DMSO.
The cells were then washed, labeled with BOFP, and imaged by DIC and fluorescence
microscopy as described previously [49].

4.7. RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction
(RT-gPCR) Assays

RT-gPCR assays comparing expression levels of siderophore-Fe>* uptake genes (fepA,
cirA, fiu, cirA, fhuA, fepD, fepG, fhuB, fepC, and fhuC), enterobactin synthesis genes (entB
and entF), and an enterobactin exporter gene (entS) in K. pneumoniae 10031 cells grown in
either CAMH or M9 media were performed using a Luna Universal One-Step RT-qPCR Kit
(New England Biolabs, Ipswich, MA, USA). The bacterial transcription termination factor
gene rho was used as an endogenous control for all assays. Briefly, RNA was extracted from
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five different replicates of log-phase K. pneumoniae 10031 cells grown in either CAMH or
M9 media using a RNeasy Mini Kit (Qiagen, Germantown, MD, USA), and contaminating
DNA was removed using a TURBO DNA-free Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Samples containing 1x Luna Universal One-Step Reaction Mix, 1x Luna
WarmStart RT Enzyme Mix, 0.4 pM forward primer, 0.4 uM reverse primer, and 25 ng
of total RNA were prepared in nuclease-free water. The primers used for each gene are
listed in Table S2. The samples were then transferred to a MicroAmp Optical 96-Well
Reaction Plate (Applied Biosystems, Waltham, MA, USA). Each sample was added in
triplicate, and the final volume in each reaction well was 20 pL. The plate was then affixed
with a MicroAmp Optical Adhesive Film (Applied Biosystems, Waltham, MA, USA) and
centrifuged at maximum speed in a VWR plate centrifuge for 2 min. The reaction plate was
then inserted into a QuantStudio 5 real-time PCR system (Applied Biosystems, Waltham,
MA, USA) affixed with a 96-well 0.2 mL block. A comparative Ct (AACT) experiment
was run with the SYBR Green Reagents chemistry setting, utilizing the standard Luna
Universal One-Step RT-qPCR thermocycling protocol. The protocol consisted of: (a) reverse
transcription, 1 cycle of 55 °C for 1 min; (b) initial denaturation, 1 cycle of 95 °C for 1 min;
(c) 40 cycles of denaturation at 95 °C for 10 s followed by extension at 60 °C for 30 s with
plate read; and (d) 1 cycle of a three-step melt curve consisting of (i) 95 °C for 15 s, (ii) 60 °C
for 1 min, and (iii) 95 °C for 15 s. The resulting amplification plots were visualized and
analyzed using the QuantStudio Design and Analysis Software (v1.5.2). The statistical
significance of differences in relative gene expression was analyzed with a Student’s t-test.
Assays comparing the gene expression levels of fepA, cirA, fiu, fhuA, fepD, fepG, fhuB, fepC,
and fhuC in WT versus AfepC K. pneumoniae 10031 cells were performed as described above.

4.8. Antibacterial Synergy Assays
4.8.1. Checkerboard Assays

The checkerboard assay [56] was used to evaluate the synergy between RUP4 and
the test agents mecillinam, piperacillin, imipenem, TXH11106, amoxicillin, meropenem,
and cefazolin against K. pneumoniae 10031. These assays were performed as described
previously [57]. The fractional inhibitory concentration for each test agent (FICta) was
determined from the ratio of the MIC of the test agent in combination with RUP4 to the
MIC of the test agent alone. The fractional inhibitory concentration for RUP4 (FICryp4)
was determined from the ratio of the MIC of RUP4 in combination with each test agent to
the MIC of RUP4 alone. The values of FICta and FICgryps were then used to determine the
corresponding FIC index (FICI) using the relationship FICI = FICta + FICryps. A FICI < 0.5
is indicative of a synergistic RUP4-test agent combination, while a FICI > 0.5 but <1.0 is
indicative of an additive combination.

4.8.2. Time-Kill Assays

Overnight cultures of K. pneumoniae 10031 were diluted to 10° CFU/mL in four
separate culture tubes containing 5 mL of M9 media. DMSO vehicle was added to the
first tube, RUP4 at 0.5x MIC (23 uM) alone was added to the second tube, test agent
alone at 0.5x MIC (1574 uM mecillinam, 7.4 pM piperacillin, 0.8 pM imipenem, or 16
uM TXH11106) was added to the third tube, and a combination of 0.5x MIC RUP4 and
0.5x MIC test agent was added to the final tube. Time-dependent kill assays were then
conducted at 37 °C over a period of 24 h, as described previously [57].

5. Conclusions

Here we describe RUP4 as a novel oxazole-benzamide FtsZ inhibitor that incorporates
a chlorocatechol siderophore moiety and exhibits antibacterial activity against the clinically
important Gram-negative pathogens K. pneumoniae and A. baumannii. Fe>* chelation and
addback studies establish that the catechol siderophore functionality plays a key role in
the activity of RUP4. In this connection, RUP4 is able to utilize endogenous siderophore
uptake transporters for entry into K. pneumoniae, crossing the bacterial outer membrane
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through the FepA and CirA transporters and the inner membrane through the FhuBC
transporter system. We validate FtsZ as the antibacterial target of RUP4 by demonstrating
the direct interaction of the compound with KpFtsZ as well as the induction of changes
in morphology and FtsZ localization in treated K. pneumoniae cells consistent with FtsZ
inhibition. Finally, synergy studies reveal that combinations of RUP4 with select PBP-
and MreB-targeting agents are associated with bactericidal synergy against K. pneumoniae,
with combinations involving agents that target PBP2 and MreB being the most synergistic.
Viewed as a whole, our results highlight the incorporation of Fe3*-chelating siderophore
moieties into FtsZ inhibitors as a promising design strategy for enhancing activity against
Gram-negative pathogens of acute clinical significance.
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Sequences of the oligonucleotide primers used in the qPCR studies of the K. pneumoniae wild-
type and deletion mutant strains; Table S3: Sequences of the oligonucleotide primers used for
deleting and sequencing ferric iron transporter genes in K. pneumoniae; Supplementary Methods:
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Abstract: The rapid increase in strains that are resistant to antibiotics requires new active compounds
to be found whose mechanism of action on bacteria is different to those that are currently known. Of
particular interest are compounds that occur in plants as secondary metabolites. The focus of this
study concerns the examination of the effects of synthetic cinnamic acid derivatives, with 4-chloro-2-
mercaptobenzenesulfonamide moiety on Enterococcus spp. with HLAR (high-level aminoglycoside
resistance) and VRE (vancomycin-resistant Enterococcus) mechanisms. The minimum inhibitory
concentration (MIC) values of the tested compounds were determined using the serial dilution
method for Enterococcus spp. groups, and the most active compounds were as follows: 16d, 17c, 16a,
16c and 16f (2—4 ug/mL). These compounds, at a concentration of 4 x MIC, inhibited the biofilm
formation of HLAR strains (70 to 94%). At concentrations of 2 x MIC and 4 x MIC, they also
inhibited the growth of VRE strains (42 to 96%). The best effect produced on the formed biofilm was
demonstrated by compound 16f (from 62% MIC concentration to 89% 4 x MIC concentration) on the
tested HLAR strains. In vitro studies, using the peripheral blood of domestic sheep, demonstrated the
stable bacteriostatic activity of the tested compounds against Enterococcus spp. The compounds 16a,
16c, 16d, 16f and 17c showed synergism and additivity with ampicillin, streptomycin, gentamicin
and vancomycin against resistant strains of Enterococcus spp. The tested compounds, when combined,
reduce the MIC for antibiotics by 800 to 10,000 times for HLAR strains and by 8 to 10,000 times for
VRE strains. The MIC of the tested compounds, in combination with antibiotics, is reduced 2-16-fold
for HLAR strains and 2-32-fold for VRE strains. These studies demonstrate the potential for the
therapeutic use of synthetic, cinnamic acid derivatives, with 4-chloro-2-mercaptobenzenesulfonamide
moiety, to work against clinical strains of Enterococcus spp.

Keywords: 2-mercaptobenzenesulfonamide; antibiofilm; checkerboard assay; cinnamic acid derivatives;
Enterococcus spp.; synergism

1. Introduction

The genus Enterococcus comprises Gram-positive, catalase negative cocci, usually
facultative anaerobic bacteria, that grow in 6.5% NaCl, 40% bile salts, 0.1% methylene blue
milk, and at pH 9.6. They also grow at 10 and 45 °C and can survive for 30 min at 60 °C [1].
Enterococci belong to the phylum Firmicutes of the Enterococcaceae family, which includes
many different species, and they are a natural component of the human microbiota. They
colonize the lower gastrointestinal tract, oral cavity, and genitals [2]. E. faecalis and E.
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faecium are the main enterococci found in the human intestine. E. cecorum and E. durans
are also frequently isolated, whereas E. casseliflavus, E. hirae, E. gallinarum, and E. avium are
occasionally detected [3].

Enterococci can cause a wide range of clinical diseases. One of the factors causing
the high infectivity of enterococci is biofilm formation ability. This property makes the
treatment of the infection difficult [4]. Enterococcus spp. cause infections of the urinary tract,
cardiovascular system, abdominal cavity, pelvis, central nervous system, and postoperative
wounds. Asymptomatic bacteriuria is the most common clinical condition, but many
of these cases are caused by colonization rather than infection. Other frequent causes
of infection are bacteremia without endocarditis, which is followed by endocarditis [5].
Enterococcus spp. are frequently cited as one of the three most likely etiologies of both
uncomplicated and complicated urinary tract infections (UTIs), especially healthcare-
associated UTIs. Of these, the bacteria that most commonly cause these infections are
E. faecalis, although E. faecium predominates among vancomycin-resistant isolates. It is
usually associated with indwelling urinary catheters and instruments. The severity of
the disease can range from uncomplicated cystitis to complicated cystitis, or it may cause
pyelonephritis, a perinephric abscess, or prostatitis. All these cases result in the introduction
of antibiotics to work against the enterococci [6].

Additionally, enterococci have the ability to obtain genetic material from other bac-
teria and to quickly adapt to the environment [3]. It is well established that enterococci
are resistant to many antibiotics, including the following: 3-lactams, aminoglycosides,
trimethoprim/sulfamethoxazole, clindamycin, and some species of glycopeptides [7]. This
requires combinations of glycopeptides or 3-lactams with aminoglycosides to be used [5].
The application of antibiotics in hospitals, and for the treatment of animals, has led to the
existence of resistant strains. Currently, drug-resistant enterococci that are isolated in hospi-
tals include the following: high level of resistance to ampicillin; high-level aminoglycoside
resistance (HLAR); resistance to glycopeptides (VRE; vancomycin and teicoplanin) and
oxazolidinone resistant (LRE—Ilinezolid-resistant Enterococcus) [3].

The World Health Organization (WHO) reports that antibiotics are becoming increas-
ingly ineffective as drug resistance spreads around the world, thus causing difficult or
‘impossible to control” infections. In its reports, the WHO lists microorganisms of particular
concern, which require the discovery of new active compounds to work against them;
among them are E. faecium VRE strains [8,9]. There is a constant need to search for new
compounds with antibacterial properties.

In the light of these issues, research on new drugs to work against resistant bacteria
strains is ongoing. An increasing number of studies are being conducted on combination
therapies which could potentially reduce the MIC values of administered antibacterial
drugs, improve pharmacokinetic/pharmacodynamic (PK/PD) parameters (e.g., bind a
hydrophilic drug to a lipophilic drug), and increase activity against bacteria present in
biofilm [10]. Examples of such combinations are as follows: omadacycline and oritavancin,
or fosfomycin with either daptomyecin or rifampicin [11,12].

Secondary plant metabolites (phytochemicals, including cinnamic acid) are a good
source of active compounds, including those with antibacterial properties [13]. The broad
biological activity of cinnamic acid, and its synthetic derivatives, has been demonstrated
by several research teams [9,13-18]. Cinnamic acid can occur in nature in both cis and
trans forms with the trans form being more stable than the cis form. Its antimicrobial
activity is low against Gram-positive and Gram-negative bacteria [10]; however, synthetic
derivatives (cinnamic acids, esters, amides) have a stronger antimicrobial effect on bacteria;
moreover, cinnamic aldehydes inhibit the development of fungi. Cinnamic acid derivatives
with phenolic groups have been classified as antioxidants. The chemical structure of
cinnamic acid, which contains both a benzene ring and a carboxylic group, enables the
modification and procurement of synthetic derivatives. Synthetic compounds that combine
two pharmaceutical entities in one molecule may be a successful strategy since these
molecules could be more effective than their individual components. Research has been
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conducted on the conjugation of several hydroxy- and phenyl-substituted derivatives
of trans-cinnamic acids with an antimicrobial pharmacophore like carvacrol on ESKAPE
pathogens [10]. Trans-cinnamaldehyde is a phenylpropanoid, which practically occurs in
cinnamon essential oil, and it is Generally Recognized as Safe (GRAS) by the US Food and
Drug Administration (US FDA) [19].

Sulfonamides and sulfamates are mainly known as synthetic compounds, but several
were also discovered as secondary metabolites produced by actinomycetes, e.g., nucleocidin
and dealanylascamycin. Sulfonamides and sulfamates constitute a diverse group of highly
pharmacologically active compounds, and many clinically used drugs contain the signature
sulfamoyl structural motif. Sulfonamides are widely known as synthetic “sulfa drugs”,
and these were the first chemotherapeutically used antibacterial compounds. They are
applied to other diseases such as Alzheimer’s disease and other central nervous system
(CNS) disorders, diabetes, psychosis, and various cancers and tumors [20].

In this work, we examined the activity of synthetic derivatives of cinnamic acid with
4-chloro-2-mercaptobenzenesulfonamide moiety [17] against clinical strains of Enterococcus
spp. The measure of the activity of compounds is their limit concentration value; for
this purpose, we determined minimum inhibitory concentrations. From a clinical point
of view, it is important to know: at what concentrations the tested compounds inhibit
bacterial biofilm formation, whether they are able to penetrate the already formed biofilm
and affect the bacteria or whether they are able to inhibit the further development of the
existing biofilm. We examined the activity of new derivatives on enterococcal biofilm.
Testing the bioavailability and pharmacodynamics of compounds in body fluids in vitro
is one of the important elements showing the stable structure and activity of compounds
as well as the influence of the elements of these fluids on the compounds and the impact
of the compounds on the components of the higher organism. Therefore, we determined
In vitro the stability and influence of blood elements on the antibacterial activity of the
tested compounds. Combination therapy of two or three compounds with different targets
in a bacterial cell is a common element of antibiotic therapy for infections with multi-
resistant strains, including VRE HLAR strains. We investigated the interactions that may
occur between the tested compounds and the antibiotics used in the antibiotic therapy of
enterococcal infections.

2. Results
2.1. Synthesis and Chemical Characterization of Cinnamic Acid Derivatives with
4-Chloro-2-mercaptobenzenesulfonamide Moiety

The synthesis and chemical characterization of cinnamic acid derivatives with 4-
chloro-2-mercaptobenzenesulfonamide moiety was described by Butakowska et al. [18].
The structures of the tested derivatives are presented in Figure 1.

RZ
( ZW. 16a 16b 16c 16d 16e 16f 17a 17b 17¢c 17d
Cl S
I;[ i R R! H 4-Br 4-F 4-Cl 3-F,4-OCH; 4-NO, 4-Br 4-F 4-Cl 4-NO,
_NH NN
T 5% R 0 5
0 e 0
16a-f
17a-d

Figure 1. The stuctures of N-{[4-chloro-5-methyl-2-(naphthalen-1-ylmethylthio)phenyl]sulfonyl}
cinnamamide derivatives (16a-16f) and N-{[4-chloro-2-(6-chlorobenzo[d][1,3]dioxol-5-y])-methylthio-
5-methylphenyl]sulfonyl}jcinnamamide derivatives (17a-17d) [18].
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2.2. Antibacterial Activity of Cinnamic Acid Derivatives

In this work, we decided to test the activity of cinnamic acid derivatives against
Enterococcus characterized by VRE. We preceded the study activity by determining the
resistance pattern of all our strains. The studies were performed using the disc diffusion
method. The results are presented in Table 1.

Table 1. Phenotypic characterization of resistance of Enterococcus strains. Inhibition zone diameters
around antibiotic discs (mm).

L
. c g £ S £ £ £ o
Full Strain Name, = é 3 =) | 'g (3 s o= E
and Specific g 5] g % g 5 E g = 8
Resistance & Ry 9 ] £ g c o -y g
. g g = = 5 e b @ 5 =
Mechanism < = S & L z O = a -
»
o)

Enterococcus faccium ¢\ 60 64000 154000 204050 64000 64000 64000 6+£000 64000 22400

12835 HLAR
E”tigosczgcl’fls{fg“m 64000 6+000 174050 184050 64000 6+000 6+000 6+£000 64000 254 0.00
E”tlegochﬁf’[ijzelg”lis 114050 214000 154000 204050 40+1.00 6+000 64000 64+000 6+000 19+ 0.00
E"f;‘;ﬁfgﬁﬁ?m 124050 224000 154000 184050 40+1.00 6+000 64000 64+000 6+000 25+ 0.00
E"tel’;;‘gl“H”SLfZgi”m 64000 6+000 124000 204050 41+£100 64000 64000 64000 20000 26+ 0.00
E”fg‘gg?‘&{fﬁ”lis 124050 214000 154000 194000 35+100 6+£000 6+£000 6+000 6+000 25050
”te;‘ng;lﬁ{“g”m 64000 6+000 124000 204050 6+£000 6+000 6+£000 6+000 6+000 26+ 0.00

Enterococcus faecalis
3937152 HLAR, VRE
Enterococcus faecium
3934825 HLAR, VRE
Enterococcus faecium
773081 HLAR, VRE
Enterococcus faecium
895612 HLAR, VRE
Enterococcus faecium
508171 HLAR, VRE
Enterococcus faecium
830981 HLAR, VRE
Enterococcus faecium
264281 HLAR, VRE
Enterococcus faecium
967321 HLAR, VRE
Enterococcus faecium
966351 HLAR, VRE
Enterococcus faecium
576181 HLAR, VRE
Enterococcus faecium
885041 HLAR, VRE

14+£050 224+£0.00 6=£0.00 20£0.00 6=£0.00 6 +0.00 6 + 0.00 6 +0.00 6+000 25+0.50

6 + 0.00 6+ 0.00 6+000 16+0.00 6=+0.00 6 +0.00 6 4+ 0.00 6 +0.00 6+000 25+0.50

6 1 0.00 6 1 0.00 6+0.00 17+£0.00 6=+0.00 6 £ 0.00 6 £ 0.00 6 1 0.00 6+0.00 25+0.00

6 £ 0.00 6 £ 0.00 6+000 15+0.00 35+050 204+0.00 6=+0.00 6+000 20+0.00 2640.00

6 £ 0.00 6 £ 0.00 6+000 15+£0.00 40+£050 6=£0.00 6 £ 0.00 6 £ 0.00 6+0.00 24+0.00

6 £ 0.00 6 £ 0.00 6 £ 0.00 6 £ 0.00 6 £ 0.00 6 £ 0.00 6 £ 0.00 6 £ 0.00 6+0.00 25+£0.50

6 +0.00 6 +0.00 6 +0.00 6+ 0.00 6 +0.00 6 +0.00 6 + 0.00 6 +0.00 6+000 254+0.00

6+ 0.00 6+ 0.00 6+000 154+0.00 35+£050 6+0.00 6 £+ 0.00 6 + 0.00 6+000 2540.00

6 4 0.00 6 1+ 0.00 6+0.00 16+£0.00 6=+0.00 6 £ 0.00 6 £ 0.00 6 4 0.00 6+0.00 26+0.00

6 +0.00 6 £ 0.00 6+000 18+0.00 40+050 18+0.00 6=+0.00 6 £ 0.00 6+0.00 25+0.50

6 £0.00 6 £ 0.00 6 4 0.00 6 4 0.00 6 £ 0.00 6 £ 0.00 6 £ 0.00 6 £ 0.00 6+0.00 24+0.00

The results are presented as mean values + standard deviation (+SD) from three independent experiments.
Error bars represent standard deviation. HLAR (high-level aminoglycoside resistance), VRE (vancomycin-
resistant Enterococcus).

It has been observed that all the tested strains were sensitive to linezolid (inhibi-
tion zone > 20 mm), and 14 out of 17 bacterial strains were susceptible to teicoplanin
(inhibition zone > 16 mm). In turn, 100% HLAR strains were sensitive to vancomycin
(inhibition zone > 12 mm). Only one strain showed sensitivity to tetracycline (inhibition
zone > 20 mm). However, 100% of the strains tested were resistant to streptomycin (zone
of inhibition < 14 mm) and gentamicin (zone of inhibition < 8 mm). Susceptibility to
ampicillin (susceptible strain zone > 10 mm; resistant strain < 8 mm), imipenem (suscep-
tible strain zone > 21; resistant strain < 20 mm) and co-trimoxazole (susceptible strain
zone > 23 mm) was variable.
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The MIC values of the cinnamic acid derivatives with 4-chloro-2-mercaptobenzenesulf-
onamide moiety against the Enterococcus spp. VRE group are shown in Table 2.

Table 2. MIC values of cinnamic acid derivatives against Enterococcus spp. VRE.

MIC [pg/mL]
=9 e e e o e e e
2] 2] v w w W) 0 2]
Compd $E $5 $ 8 $g 8 S8 $8 S
SR S B e 3 S S S B S 3 S 3
O N =) Q P QO Q o Q@ O X QO
g g’ g® g o N go g, g
2 2 2 2 S S S 2
] 8 s 1S s ] ] 8
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16a 4+0.21 4+0.18 4+0.20 4+0.15 4+022 4+0.30 4+0.30 44033
16b 8 £0.30 8 £ 0.50 16 = 0.48 8 +0.18 8+ 0.25 4+0.30 16 £0.38 8 £+ 042
16¢ 4+0.22 4+0.38 4+041 4+024 4+0.38 4+031 44035 440.30
16d 2+0.10 2+0.10 24+0.10 2 4+0.05 2+0.15 2 +0.10 2+0.22 2+0.10
16e 16 £0.15 8 +£0.50 16 £ 0.50 16 £ 0.50 16 £ 0.50 31.25 +£0.50 8 +£0.41 8 +£0.50
16f 8 +£0.45 4+025 4+0.18 8 +0.50 4+025 4+0.28 4+0.28 440.35
17a 8 +£0.45 16 £ 0.50 16 £ 0.52 8 +0.50 16 = 0.56 16 £ 0.50 16 £+ 0.50 4+0.20
17b >125 >125 >125 >125 >125 >125 >125 >125
17¢ 2+0.18 4+0.25 44025 4+0.19 240.05 44025 24+0.25 44025
17d >125 >125 >125 >125 >125 >125 >125 >125
co-trimoxazole ~ >2000:400  2000:400 £ 0.50 >2000:400 >2000: 400 >2000:400 1250:250 +0.50 ~ >2000:400 >2000:400

The results are presented as mean values + standard deviation (£SD).

The most active compounds turned out to be 16d and 17c with MICs within the range
of 2 £+ 0.05-4 £ 0.38 ng/mL. Compounds 16a and 16¢ showed an MIC of 4 ug/mL. The
least active compounds were 17b and 17d (MIC > 125 pg/mL). The most resistant strain
turned out to be Enterococcus sp. 966351, and the most sensitive was Enterococcus sp. 885041.
The majority of the compounds showed bacterial inhibitory activity, while bactericidal
concentrations were equal to or greater than 125 ug/mL. The compounds 16d and 17c were
the most active against Enterococcus spp. VRE.

2.3. Effect of Derivatives on the Biofilm Produced by Enterococcus spp.

The next step of our study was an evaluation of whether the tested cinnamic acid
derivatives act on the biofilm produced by Enterococcus spp. It is known from the literature
data that Enterococcus spp. are capable of producing a biofilm, but this is not a permanent
feature of the species. Therefore, we decided to verify which of the tested strains exhibit this
ability. Based on the literature reports, we chose to test biofilm formation by Enterococcus
spp., using the following broths: tryptic soy broth medium (TSB), brain-heart infusion
broth (BHI) supplemented with 2% glucose, and BHI supplemented with 5% bovine serum.
The results of the effect of substrates on biofilm formation are shown in Figure 2.

The results presented in Figure 2 show that the ability to produce biofilm is diversified
in the pool of Enterococcus spp. strains used for testing in the current study. The strains
used include strong biofilm producers, e.g., E. faecalis 12245 HLAR and E. faecalis 3937152
HLAR and VRE; and those that form a weak biofilm regardless of the substrate used, e.g.,
E. faecium 12835 HLAR and E. faecium 12848 HLAR. To the best of our knowledge, it is
the first study that differentiates Enterococcus according to its ability to form biofilm in
different media. The bacteria that generate the strongest biofilm in TSB supplemented with
2% glucose medium are Enterococcus spp. HLAR: E. faecalis 12214, E. faecalis 12245, and E.
faecalis 12338 (p < 0.05). However, in the BHI supplemented with 2% glucose medium, the
strongest biofilm is formed by Enterococcus spp. VRE: E. faecium 3934825, E. faecium 967321,
and E. faecium 264281 (p < 0.05). Surprisingly, all the tested strains produced biofilm at a
very low level in the presence of bovine serum in the BHI medium (p < 0.05). For further
research, which concerned the activity of the tested compounds against biofilm, we chose
both media and the strains producing the strongest biofilm. The most active derivatives
were used in concentrations of 0.5 MIC, MIC, 2 x MIC and 4 x MIC.

26



Antibiotics 2023, 12, 1691

Biofilm formation by Enterococcus strains in the presence of various media
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Figure 2. Biofilm formation by Enterococcus spp. strains in the presence of various media. The results
are presented as mean values + standard deviation (SD) from three independent experiments. Error
bars represent standard deviation. HLAR (high-level aminoglycoside resistance), VRE (vancomycin-
resistant Enterococcus) TSB (tryptic soy broth) medium, BHI (brain-heart infusion broth) medium
supplemented with 2% glucose and BHI supplemented 5% bovine serum. p < 0.05 was considered
statistically significant.

Figure 3 shows the effect of the tested derivatives on biofilm formation by Enterococcus
spp- HLAR strains. The most active compound was 16f. In the tested concentration range,
it significantly inhibited biofilm formation by the Enterococcus spp. HLAR strains from
89 to 94% (p < 0.05) compared to the control. For the remaining compounds tested, a
concentration of 4 x MIC was the most active, as this inhibited biofilm formation from 69%
(compound 16a against E. faecalis 12338; p < 0.05) to 90% (compound 16d against E. faecalis
12338; p < 0.05). The concentrations of 0.5 MIC and MIC turned out to be the least active in
inhibiting biofilm formation with the effectiveness of significant effects ranging from 8%
(compound 16a for E. faecalis 12214; p < 0.05) to 60% (compound 16a for E. faecalis 12245;
p <0.05).

Figure 4 shows the effect of the tested derivatives on biofilm formation by Enterococcus
spp. VRE strains. The anti-biofilm activity of the tested compounds varied and depended
on the concentration. The inhibition levels of compounds at 0.5 MIC and MIC ranged from
0.78% (compound 16¢ at 0.5 MIC against E. faecium 3934825; p < 0.05) to 95% (compound
16d at MIC against E. faecium 967321; p < 0.05). The concentrations of 2 x MIC and 4 x MIC
were found to be more effective and inhibited biofilm formation from 42% (compound 16a
at 2 x MIC against E. faecium 3934825, p < 0.05) to 96% (compound 16d at 4 x MIC against
E. faecium 967321; p < 0.05) in comparison to the control samples. Comparing the results
presented in Figures 2 and 3, it can be concluded that the tested derivatives inhibit the
formation of biofilm by the VRE strains more efficiently than by the HLAR strains.
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Inhibition of biofilm formation of select Enterococcus spp. HLAR by
the tested compunds
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Figure 3. Inhibition of biofilm formation of the selected Enterococcus spp. HLAR strains by the
tested compounds. A control group was bacterial sample without compounds. Half of the minimum
inhibitory concentration—0.5 MIC, double the minimum inhibitory concentration—2 x MIC, quadru-
ple the minimum inhibitory concentration—4 x MIC. The results are presented as mean values
+ standard deviation (+SD) from three independent experiments. Error bars represent standard
deviation. HLAR (high-level aminoglycoside resistance), VRE (vancomycin-resistant Enterococcus).
p < 0.05 was considered as statistically significant.

The next step of our work was to test the antimicrobial effect of our derivatives on
already formed enterococcal biofilm. The results are presented in Figures 5 and 6.

Figure 5 shows the effect of the tested compounds on biofilm already formed by
Enterococcus spp. HLAR strains. Compounds 16a, 16c and 16d show a low effect on the
already formed biofilm and the degree of reduction in the tested strains in biofilm ranged
from 0.8% (compound 16a at a concentration of 0.5 MIC against E. faecalis 12214; p < 0.05) to
38% (compound 16d at a concentration of 4 x MIC against E. faecalis 12245; p < 0.05) when
compared to the control. In contrast, compound 16f turned out to most actively reduce the
number of bacteria in the biofilm from 62% (0.5 MIC concentration against E. faecalis 12245;
p < 0.05) to 89% (4 x MIC concentration against E. faecalis 12338; p < 0.05) compared to the
control samples.

Nevertheless, the tested compounds had no significant effect on the inhibition of
further biofilm formation by the Enterococcus spp. VRE strains (Figure 6). Inhibitory
activities ranged from 0.16% (compound 16a at MIC concentration against E. faecium
3934825; p < 0.05) to 23% (compound 17c at MIC concentration against E. faecium 967321;
p < 0.05) compared to the control.
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Inhibition of biofilm formation of select Enterococcus sp. VRE by
the tested compunds
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Figure 4. Inhibition of biofilm formation by selected Enterococcus spp. VRE by the tested com-
pounds. A control group was bacterial sample without compounds. Half of the minimum inhibitory
concentration—0.5 MIC, double the minimum inhibitory concentration—2 x MIC, quadruple the
minimum inhibitory concentration—4 x MIC. The results are presented as mean values + standard
deviation (£SD) from three independent experiments. Error bars represent standard deviation.
HLAR (high-level aminoglycoside resistance), VRE (vancomycin-resistant Enterococcus). p < 0.05 was
considered as statistically significant.

The most active compounds were 16f and 17c. However, the activity of the tested
compounds on the already formed biofilm was low in both groups of bacteria with the
exception of compound 16f acting on Enterococcus spp. HLAR, which inhibits the formation
of the biofilm to about 90% when compared to the control.

2.4. Blood Bacteriostatic Activity Tests

The compounds we tested exhibited a bacteriostatic effect on Enterococcus spp. in the
culture medium. We wanted to answer the question of whether this property is retained
in the presence of blood components, as it was in the case of Staphylococcus spp. [18]. For
this purpose, we selected two species of bacteria: E. faecium 264281 (Table 3) and E. faecalis
12245 (Table 4).

The initial number of bacteria at time ty was (2.00 & 0.69) x 108 CFU/mL for E. faecalis
12245 and (7.30 + 0.67) x 108 for E. faecium 264281. Bacteria in appropriate numbers were
added to blood samples containing the tested compounds in the concentration range of
0.5-16 ug/mL and then incubated for 24 h at 37 °C. Controls consisted of samples of
bacteria incubated in pure blood, without supplements, the number of which after 24 h
incubation was (1.44 + 0.47) x 108 CFU/mL for E. faecalis 12245 and (1.30 + 0.48) x 10°
CFU/mL for E. faecium 264281. There is a relationship here: the higher the concentration of
the active compound in the sample, the lower the number of live bacteria. In the samples
with compounds 16¢ and 16d (16 pg/mL), there is a significant decrease in the number of
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viable bacteria: 16c—(7.00 + 0.71) x 10° CFU/mL, 16d—(1.20 + 0.55) x 10° CFU/mL (p <
0.05) compared to the control.

The influence of the tested compounds on the biofilm already formed
by the selected Enterococcus HLAR strains
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Figure 5. The effect of the tested compounds on the biofilm already formed by selected Enterococcus
spp. HLAR strains. A control group was bacterial sample without compounds. Half of the mini-
mum inhibitory concentration—0.5 MIC, double the minimum inhibitory concentration—2 x MIC,
quadruple the minimum inhibitory concentration—4 x MIC. The results are presented as mean
values & standard deviation (£SD) from three independent experiments. Error bars represent
standard deviation. HLAR (high-level aminoglycoside resistance), VRE (vancomycin-resistant Entero-

coccus. p < 0.05 was considered as statistically significant.

Table 3. The results of the bacteriostatic effect of the tested compounds in different concentrations on
Enterococcus faecalis 12245. Bacterial density is given in CFU/mL of sample.

Concentration

(ug/mL)

0.5

1

2

4

8

16

16a
16¢
16d
16f

[1.08 & 0.65] x 10°
[2.00 & 0.35] x 10®
[1.80 & 0.10] x 108
[1.59 + 0.17] x 108

[9.00 4 0.35] x 107
[9.30 £0.14] x 107
[8.20 + 0.10] x 107
[1.27 + 0.30] x 108

[7.00 & 0.14] x 107
[8.30 & 0.14] x 107
[8.16 + 0.13] x 107
[5.70 & 0.14] x 107

[6.50 & 0.10] x 107
[5.90 & 0.21] x 107
[4.20 + 0.14] x 107
[4.40 £+ 0.21] x 107

[5.00 4 0.21] x 107
[5.90 4 0.24] x 107
[3.90 + 0.42] x 107
[2.60 + 0.20] x 107

[5.10 4 0.35] x 107
[4.10 4 0.35] x 107
[3.50 + 0.77] x 107
[2.00 £ 0.45] x 107

t = (2.00 & 0.69) x 108; toy = (1.44 4 0.47) x 108. The results are presented as mean values + standard deviation
(£SD) from three independent experiments. p < 0.05 was considered as statistically significant.
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The influence of the tested compounds on the biofilm already formed
by the selected Enterococcus VRE strains
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Figure 6. The effect of the tested compounds on the biofilm already formed by selected Enterococcus
spp. VRE strains. A control group was bacterial sample without compounds. Half of the minimum
inhibitory concentration—0.5 MIC, double the minimum inhibitory concentration—2 x MIC, quadru-
ple the minimum inhibitory concentration—4 x MIC. The results are presented as mean values
+ standard deviation (+SD) from three independent experiments. Error bars represent standard
deviation HLAR (high-level aminoglycoside resistance), VRE (vancomycin-resistant Enterococcus. p <
0.05 was considered as statistically significant.

Table 4. The results of the bacteriostatic effect of the tested compounds in different concentrations on
Enterococcus faecium 264281. Bacterial density is given in CFU/mL of sample.

Concentration
(ug/mL)

0.5

1

2

4

8

16

16a
16c¢
16d
17c¢

[1.80 + 0.28] x 108
[1.90 4 0.23] x 108
[1.50 4 0.56] x 108
[2.27 4 0.16] x 108

[1.30 + 0.85] x 107
[3.00 & 0.35] x 107
[1.10 & 0.60] x 107
[1.59 4 0.43] x 108

[1.30 = 0.41] x 107
[3.00 + 0.71] x 107
[7.00 = 0.77] x 10°
[1.15 4+ 0.58] x 108

[1.30 + 0.70] x 107
[3.10 + 084] x 107
[6.00 4 0.71] x 10°
[4.40 4 0.41] x 107

[1.20 4 0.70]x 107
[8.00 & 0.21] x 10°
[5.40 4 0.42] x 10°
[2.60 4 0.35] x 107

[3.07 & 0.64] x 107
[7.00 + 0.71] x 10°
[1.20 + 0.55] x 10°
[2.00 + 0.62] x 107

to = (7.30 & 0.67) x 10%; tyy = (1.30 & 0.48) x 108. The results are presented as mean values + standard deviation
(£SD) from three independent experiments. p < 0.05 was considered as statistically significant.

2.5. Study of Interactions of Cinnamic Acid Derivatives with Antibiotics on Resistant Strains of
Enterococcus spp.

The most interesting interactions between antibacterial compounds relate to synergy.
The synergy of compounds is based on increasing effectiveness, reducing toxicity, reducing
undesirable side effects, increasing bioavailability, lowering the required dose and limiting
the emergence of resistance to the tested preparations. New therapeutic combinations that
include a connection with natural products have become a research priority.
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To check the relationship between our derivatives and antibiotics, we conducted
further studies using the common checkerboard assay. Antibiotics such as ampicillin,
gentamicin, streptomycin and vancomycin as well as Enterococcus spp. selected from both
tested groups were used.

In the first stage, we checked the activity of selected antibiotics and determined
the limit concentrations (MIC). In the next stage, we conducted research assessing the
relationship between the tested derivatives and selected antibiotics, where we used MIC
and lower concentrations of the tested compounds. The antibiotics taken into consideration
in the study are important preparations in the treatment of infections caused by Enterococcus
spp. The results are presented in Tables 5 and 6.

Table 5. Interactions of cinnamic acid derivatives with antibiotics on resistant strains of Enterococcus
spp- HLAR.

MIC Cinnamic Acid

MIC A1/1t11£10t1c Cinnamic Derivative
Strains  Antibiotic (mg/mL) Acid (mg/mL) FICI Outcome
Alone Comb. Derivative Alone Comb.
0.001 16a 0.004 0.0005 0.126 synergy
0.001 léc 0.004 0.0005 0.126 synergy
ampicillin 10 —
0.002 16d 0.001 0.001 1 additivity
0.001 16f 0.004 0.0005 0.126 synergy
0.001 16a 0.004 0.002 0.5 synergy
Enterococcus 0.001 16c 0.004 0.0005 0.125 synergy
. ¢ .
J?ZCZ“IT gentamyen 2 0.001 16d 0.0005 0.0005 1 additivity
0.001 16f 0.002 0.0005 0.25 synergy
0.001 16a 0.004 0.002 0.25 synergy
0.001 1l6c 0.004 0.0005 0.126 synergy
streptomycin 10
0.001 16d 0.002 0.001 0.5 synergy
0.001 16f 0.002 0.0005 0.25 synergy
0.001 16a 0.004 0.0005 0.126 synergy
0.001 16¢ 0.004 0.0005 0.126 synergy
ampicillin 0.8
0.001 16d 0.002 0.0005 0.375 synergy
0.001 16f 0.004 0.0005 0.126 synergy
0.001 16a 0.008 0.002 0.25 synergy
Enterococcus 0.001 16¢ 0.008 0.0005 0.062 synergy
Li t i
J?;g%és gentamycn 2 0.001 16d 0.001 0.001 1 additivity
0.001 16f 0.004 0.001 0.25 synergy
0.001 16a 0.004 0.001 0.25 synergy
0.001 léc 0.002 0.001 0.5 synergy
streptomycin 10
0.001 16d 0.001 0.0005 0.5 synergy
0.002 16f 0.002 0.0005 0.25 synergy

Comb.—combination: compound + antibiotic or antibiotic + compound.
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Table 6. Interactions of cinnamic acid derivatives with antibiotics on resistant strains of Enterococcus

spp. VRE.
S MIC Cinnamic Acid
MI? A?tll;wtlc Cinnamic Derivative
Strains  Antibiotic mg/ml) Acid (mg/mL) FICI Outcome
Alone Comb. Derivative Alone Comb.
0.016 16a 0.008 0.0005 0.082 synergy
0.008 16¢ 0.016 0.0005 0.041 synergy
Ampicillin 0.8
0.002 16d 0.002 0.0005 0.252 synergy
0.016 17¢ 0.016 0.0005 0.082 synergy
0.001 16a 0.004 0.001 0.25 synergy
0.001 léc 0.002 0.001 0.5 synergy
Gentamycin 2 e
0.001 16d 0.001 0.001 1 additivity
. 0.032 17¢ 0.008 0.008 1.016 additivity
E. faecium
966351 VRE 0.001 16a 0.004 0.002 0.5 synergy
0.032 16¢ 0.008 0.008 1.003 additivity
Streptomycin 10
0.001 l6d 0.001 0.0005 0.5 synergy
0.032 17¢ 0.008 0.008 1.003 additivity
0.001 16a 0.004 0.0005 0.25 synergy
. 0.001 16¢ 0.002 0.001 0.625 partial
Vancomycin 0.008 synergism
0.001 16d 0.001 0.001 1.125 additivity
0.001 17¢c 0.008 0.0005 0.188 synergy
0.016 16a 0.008 0.0005 0.082 synergy
0.008 16¢ 0.016 0.0005 0.041 synergy
Ampicillin 0.5
0.002 16d 0.002 0.0005 0.252 synergy
0.016 17¢ 0.016 0.0005 0.082 synergy
0.016 16a 0.002 0.0005 0.33 synergy
0.016 16¢ 0.001 0.0005 0.58 partial
Gentamycin 2 synergism
0.008 16d 0.001 0.001 1 additivity
E. faecium
830981 VRE 0.001 17¢c 0.008 0.0005 0.063 synergy
0.001 16a 0.002 0.002 1 additivity
0.001 léc 0.002 0.001 0.5 synergy
Streptomycin 5
0.001 16d 0.001 0.0005 0.5 synergy
0.002 17¢ 0.008 0.001 0.125 synergy
0.002 16a 0.004 0.0005 0.126 synergy
0.002 16¢ 0.004 0.0005 0.126 synergy
Vancomycin 1
0.001 16d 0.001 0.0005 0.5 synergy
0.001 17¢c 0.016 0.004 0.251 synergy

Comb.—combination: compound + antibiotic or antibiotic + compound.

The cinnamic acid derivatives used in the research show a synergistic effect with
antibiotics against selected HLAR strains. The exception is compound 16d, which presents
additive properties with ampicillin and gentamicin. Compounds 16a, 16c and 16f are
synergistic compounds with the tested antibiotics. These compounds may become potential
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preparations for clinical use in combination with currently used antibiotics against HLAR
strains. However, the results obtained for selected VRE strains are not as homogeneous
as for HLAR strains. Most of the tested compounds in a mixture with antibiotics show
synergism. However, some compounds (16a, 16¢c, 16d and 17c), when combined with
antibiotics (gentamicin, streptomycin and vancomycin), give additive effects. Compound
16a exhibits synergistic properties with all the tested antibiotics against selected VRE strains.
In turn, all the compounds show synergy with ampicillin. The remaining tested compounds
(16¢, 16d and 17c) show differentiated interactions with antibiotics: synergism or additivity.

3. Discussion

In our previous study, we showed that cinnamic acid derivatives with 4-chloro-2-
mercaptobenzenesulfonamide moiety were active against reference and clinical strains of
Enterococcus spp. The tested enterococci strains were mostly HLAR and included both E.
faecalis and E. faecium strains. Only two of the tested isolates were VRE strains. In this
work, we decided to test the activity of cinnamic acid derivatives against Enferococcus
characterized by VRE.

The results of our previous research conducted by Butakowska et al. [18] showed
that the most active derivatives against Enterococcus spp. HLAR were 16a, 16¢, 16d and
16f. Compounds 16d and 17c were the most active against Enterococcus spp. VRE. Both
derivatives contain a chlorine atom as the substituent R! and naphthyl or piperonyl as
the R? substituent. Moreover, derivatives 16a and 16¢ turned out to be very active against
Enterococcus spp. VRE as well as for HLAR strains. Derivative 16f was less active against
VRE than against HLAR strains.

Based on the obtained results, it can be concluded that the activity of the tested
derivatives against Enterococcus spp. HLAR and VRE was mainly due to the presence of
the substituent RZ—naphthyl, and the substituent R! = H, F, NO, was secondary. The
high activity of compounds 16d and 17c against Enterococcus spp. of the VRE group could
mean that the substituent R! = Cl determines the main activity of the compound with the
substituent R? only in the second place. When comparing the MIC values, obtained by
serial dilution, to the standard (co-trimoxazole), the tested compounds turned out to be
significantly more active against the tested Enterococcus strains. This is most likely related
to the structure of the compounds—the combination of sulfonamide with cinnamic acid in
one molecule and a different mechanism of action on microorganisms than the composition
of co-trimoxazole.

Mingoia et al. [10] investigated the antibacterial properties of several hydroxy- and
phenyl-substituted trans-cinnamic acid derivatives conjugated with an antimicrobial phar-
macophore such as carvacrol in order to select the best candidate for the treatment of
cutaneous infections caused by pathogens. Among the list of derivatives, only DM2 and
DMS turned out to be active against the tested bacterial strains. Compound DM2 was
more active against E. faecium (MICsq 32 mg/L) than E. faecalis (MICsg 256 mg/L). The
authors [9] suggest that the presence of a hydroxyl group in the ortho position in the phenyl
nucleus is important for the effect on the cell membrane of enterococci. Therefore, the
DMS8 compound turned out to be the most active against E. faecium (MICsp = 32 mg/L). It
needs to be highlighted that the authors themselves, in Table 2, presented the range of the
antibacterial activity of selected derivatives, including MD8, which for E. faecalis was in the
range of 32-512 mg/mL and for E. faecium was in the range of 16-512 mg/mL. Hence, the
authors’ suggestion as to the mechanism is not that clear.

Guzman et al. [15] reported that cinnamic acid was active against E. faecalis and its
minimum inhibitor concentration was 6.75 mM. In turn, the MICs of ferulic acid and its
4-O-acetyl derivative for E. faecalis ATCC 29212 were determined as 659 uM and 540 uM,
respectively. Among natural and synthetic cinnamic esters, activity was demonstrated
by 5-O-caffeoylquinic acid (MIC 181 uM) against E. faecalis OGRF1, rosmarinic acid (MIC
833 uM) and methyl rosmarinate (MIC 801 uM) against E. faecalis C159-6, and finally caf-
feic acid phenethyl ester (MIC 400 uM) against E. faecalis ATCC 29212. 4-tert-butylphenyl
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ferulate and 4-isopropylphenyl ferulate were active against E. faecalis ATCC 29212 at the con-
centrations of 391 uM and 51 pM, respectively. In turn, the MIC of 4-chloro-3-methylphenyl
ferulate was 50 uM. Among cinnamic aldehydes, alcohols and their derivatives, the most
active against E. faecalis turned out to be cinnamaldehyde at a concentration of 1.89 mM.

Many research groups are engaged in the construction of hybrid compounds using
cinnamic acid. Cephem hybrid with cinnamic aldehyde gave results of activity against E.
faecalis A20688 as 1.6 uM, 1.5 uM, 1.4 mM and 364 nM. Oxazolidinone hybrids are active
against E. faecium ATTC 700221 (VRE; MIC 388 nM) and E. faecalis ATCC 29212 (MIC
194 nM) [15].

Gomez et al. [21] examined the antimicrobial properties of natural essential oil com-
ponents, including cinnamaldehyde, against three species of bacteria: Enterococcus spp.,
Staphylococcus spp., and Pseudomonas spp. (10 clinical strains of each). Cinnamaldehyde
(CIN) presented the highest activity for all tested bacterial strains—the MICs within the
range of 10-50 mg/mL. The research was conducted in Mueller Hinton (MH) broth or
cation-adjusted Mueller Hinton II broth (MH II).

Teethaisong et al. [22] investigated the effect of Stephania suberosa extract (SSE) against
E. faecium strains and obtained MIC values of 0.5 mg/mL.

Biofilm consists of organized spaces, a multi-layer cluster of cells of one or sev-
eral species of microorganisms, formed on biotic and abiotic surfaces. Microorganisms
concentrated in biofilm are characterized by diverse metabolic activity. There are also
antibiotic-resistant bacteria that “protect” the susceptible bacteria. Biofilm-forming bacteria
are surrounded by a special extracellular polymeric substance (EPS) matrix. It is already
known that Enterococcal surface protein (ESP) significantly enhanced E. faecalis biofilm for-
mation in a glucose-dependent manner [22]. Biofilm is the cause of many life-threatening
infections of humans and animals. Due to its complex structure, it is very difficult to
remove; EPS is difficult for disinfectants and antibiotics to penetrate.

The compounds 16a, 16¢, 16d, 16f and 17c were tested at concentrations of 0.5 MIC, 2
x MIC and 4 x MIC and inhibited the formation of biofilm by both groups of enterococci,
but the inhibition of the VRE strains was more efficient than that of the HLAR strains.
However, the activity of the tested compounds against the already formed biofilm was low
in both groups of bacteria; only compound 16f was active against Enterococcus spp. HLAR
and inhibited the formation of the biofilm to about 90% in comparison to the control. In
our studies, we determined the amount of biofilm with crystal violet, as was previously
described in [18].

Ali et al. [19], using BHI medium, examined the effect of trans-cinnamaldehyde (0.5%,
0.75% and 1%) on the biofilm formed by E. faecalis (clinical isolate) for 72 h. The authors
treated the biofilm with the compounds for 5 and 15 min or 24 h and demonstrated, using
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), that a
15-min action of cinnamaldehyde kills bacterial cells. Derivatives studied in our work had
a bacteriostatic effect on planktonic bacterial cells in the tested concentration range. Due to
the higher resistance of biofilm cells to chemicals than free-living cells, we chose crystal
violet for biofilm determination in our studies. Crystal violet shows the size (biomass) of
the biofilm presence or its absence rather than the presence of living cells, as was described
in Ali et al. [19].

Akshaya et al. [23] examined the effect of cinnamaldehyde in the concentration range
of 62.5-1000 pM on the biofilm formed by the E. faecalis strain (MTCC 2729) using BHI
medium with 2% glucose for 72 h. The researchers used crystal violet and XTT [2,3-
bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] as markers. Cin-
namaldehyde prevented the growth of E. faecalis biofilm from a concentration of 62.5 uM,
according to the crystal violet-staining technique. It was found that cinnamaldehyde at a
concentration of 1000 uM inhibited the production of E. faecalis biofilm by 85%.

Akshaya et al. [23] studied the effect of cinnamaldehyde on the expansion and gelati-
nase activity of E. faecalis strains, which is important in the biofilm formation process.
Gelatinase activity has been reported also to be involved in the initial steps of the gen-
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eration of biofilm. In our studies, we detected phenotypically the presence of gelatinase
produced by the tested strains. Unfortunately, we do not notice a correlation between
the ability to form a biofilm and the presence of enzymes. The gelatinase activity was
demonstrated by the following strains: E. faecalis 12245, 12214, 12338, 3937152 and E. faecium
264281, 508171, 16247; these strains formed a strong or a weak biofilm, as shown in Figure 1.

Hashem et al. [24] showed, using gelE(—) mutants, that the lack of the enzyme did not
result in the lack of biofilm formation, which is consistent with our results.

The literature states [23] that the biofilm-forming activity of E. faecalis in the presence
of glucose varies. Based on our results (Figure 2) (e.g., in the case of E. faecalis 12214, 12245,
12338, 12961), the presence of 2% glucose in two different media did not result in biofilm
formation at the same level. There must be other factors that influence biofilm formation,
depending on the medium used.

Enterococci possess in their genome the fsr locus that shares significant homology
with the agr locus of staphylococci, which acts as an accessory global regulator of viru-
lence factors and metabolism, including biofilm formation. Pillai et al. [25] showed that
biofilm formation by E. faecalis OG1RF was greater in TSB supplemented with 1% glu-
cose, but the same effect was not evident in fsr, gelE or sprE mutants. This could suggest
that a glucose-dependent transcriptional regulator controlled fsr, either directly or indi-
rectly, and that fsr exerts catabolite control over biofilm formation through GelE and SprE
downstream proteases.

Kim et al. [26] examined the effect of tryptone—yeast extract broth with 0% glucose +
0% sucrose, 0.5% glucose, 1% glucose, 0.5% sucrose or 1% sucrose on Enterococcus faecalis
planktonic and biofilm In vitro. They showed that the virulence-associated gene expression
was the highest in broth with 1% sucrose (biofilm growth conditions) and in broth with 1%
glucose (planktonic growth conditions). A higher bacteria and exopolysaccharide (EPS)
bio-volume in sucrose was observed than in 0% glucose + 0% sucrose or glucose.

Interestingly, many researchers study the impact of chemical compounds on the
already formed biofilm but do not check the preventive effect. Certainly, destroying
the formed biofilm is a very important issue in the search for compounds that act on
bacteria, but the administration of preventive preparations or coating materials used for
catheterization, drainage, etc., may also be an important element in the fight against
infections with resistant strains.

Caballero Gomez et al. [21], using TSB medium, examined the effect of natural essential
oil components (including cinnamaldehyde) at MIC and 0.5 MIC concentrations, and their
combination with EDTA (12.5-25 mM in water) and HLE (disinfectant solution—composed
of 3-6% HyOy; 2.2-4.4% lactic acid) on the biofilm formed by selected strains. Crystal violet
was used to determine the presence of biofilm. Cinnamaldehyde inhibited the formation of
Enterococcus sp. strain M28M12 biofilm by 80%; for the other two strains, the effect was
not so spectacular. However, a synergistic effect between cinnamaldehyde with HLE and
EDTA was visible. CA + HLE caused 2-6 log;o reductions in CFU (colony-forming units)
of enterococci and CA + EDTA 2-3 logjo reductions in CFU of enterococci in biofilm.

The presence of whole peripheral blood (Method 4.5) with its antibacterial mechanisms
and the presence of phagocytic cells may have resulted in a slight decrease in the number
of bacteria in the control samples. It seems that a similar mechanism occurred in the case
of the lowest concentrations (0.5 pg/mL) of the tested compounds. This may be due to
the fact that Enterococcus spp. do not have many virulence factors, like staphylococci, that
neutralize the defense mechanisms present in the blood of mammals. In tests with higher
concentrations of compounds, the number of viable bacterial cells changes significantly.
These changes are a combination of the mechanisms of the immune system present in
the blood and the bacteriostatic effect of the concentrations of compounds. The results
obtained may be due to the influence of the tested derivatives on delays in the division of
bacterial cells, which, when transferred to a solid substrate without the tested agent, have an
extended doubling time and did not produce visible colonies even after 48 h of incubation.
We suggested that the tested compounds have constant, stable bacteriostatic activity in
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whole blood, and they do not inhibit the activity of the cells of the immune system. This
could be a basis for further research into potential drugs against resistant!bacteria.

Doyle et al. [27] cite that trans-cinnamaldehyde has properties that limit its use: low
solubility in water, sensitivity to light and air, and it is not very stable in the blood where it
is converted into cinnamic acid. Present in cosmetics in concentrations above 0.005%, it
causes allergies and adverse reactions. The authors emphasize the need to test aldehyde
derivatives for toxicity. The derivatives we tested show toxic activity to the peripheral blood
of domestic sheep at concentrations of 32 ug/mL, as we demonstrated in the publication
by Butakowska et al. [18]. These compounds present stable activity against MRSA and
Enterococcus spp. strains (data above) in the tested concentration range, during 24 h of
testing. However, it would be necessary to carry out tests on the stability of the antimicrobial
activity of compounds in biological systems over an extended period of time and to
transform the derivatives we studied into water-soluble forms.

Enterococcus spp. are bacteria that are naturally resistant to many antibiotics, and the
treatment of infections is mainly based on combining several antibiotics in order to achieve
a synergistic effect. This effect is intended to fight the infection caused by multidrug-
resistant strains. We wanted to check whether our compounds have any interactions with
conventional antibiotics.

The cinnamic acid derivatives used in the research show a synergistic effect with
antibiotics against selected HLAR strains. The exception is compound 16d, which presents
additive properties with ampicillin and gentamicin. It should be emphasized here that
the tested compounds reduce the MIC for antibiotics by 800 to 10,000 times. However,
the MIC of the tested compounds in combination with antibiotics is reduced by 2 to 16
times. Compounds 16a, 16c and 16f are compounds that act synergistically with the
tested antibiotics. These compounds may become potential preparations for clinical use
in combination with currently used antibiotics against HLAR-resistant strains. However,
the results obtained for selected VRE strains are not as homogeneous as for HLAR strains.
Most of the tested compounds in a mixture with antibiotics show synergism. However,
some compounds (16a, 16¢, 16d and 17c), when combined with antibiotics (gentamicin,
streptomycin and vancomycin), give additive effects. The tested compounds reduce the
MIC of antibiotics by 8 to 10,000 times. However, the combination of the tested derivatives
with antibiotics causes a decrease in the MIC values of the compound by 2 to 32 times.
Compound 16a exhibits synergistic properties with all the tested antibiotics against selected
VRE strains. In turn, all the compounds show synergy with ampicillin. The next stage of
further research would be to check the activity of concentrations showing synergism, how
they act on bacteria over time, how they affect biofilm and whether their activity is stable
in the blood.

Essential oil (from C. zeylanicum) exhibits synergistic activity with amikacin, gen-
tamicin, imipenem and meropenem against Acinetobacter baumannii and has a positive
interaction with colistin [26]. Essential oil obtained from Cinnamomum burmannii interacts
with gentamicin against S. epidermidis, and Cinnamomum verum essential oil showed the
ability to restore the sensitivity of Escherichia coli to piperacillin (the bacterium had the
TEM-1 beta-lactamase gene) [26]. Trans-cinnamaldehyde from C. zeylanicum decreased the
MIC of clindamycin for Clostridium difficile by 16-fold [26].

Doyle et al. [27] presented a report on the synergism of cinnamaldehyde in com-
bination with ampicillin, bacitracin, clindamycin, erythromycin, novobiocin, penicillin,
streptomycin, sulfamethoxazole and tetracycline against Salmonella Typhimurium SGI1 (tet
A), Escherichia coli N00-666, Staphylococcus aureus blaZ, which was resistant to penicillin, and
erythromycin-resistant Streptococcus pyogenes ermB.

Cinnamic acid showed synergism with amikacin, ampicillin, ciprofloxacin, erythromycin,
or vancomycin against E. coli and S. aureus and a combination of cinnamic acid with
ciprofloxacin against P. aeruginosa. Cinnamic acid displays synergistic effects with amikacin,
clofazimine, isoniazid and rifampin against Mycobacterium tuberculosis and M. avium [27].
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Teethaisong et al. [22], using the checkerboard method, determined that SSE plus
ampicillin and SSE plus vancomycin combinations exhibited synergistic interactions against
E. faecium isolates.

4. Materials and Methods
4.1. Materials

Sterile sheep blood was defibrinated (GrasoBiotech, Starogard Gdanski, Poland). Co-
trimoxazole (composition sulfamethoxazole 400 mg: trimethoprim 80 mg; WZF Polfa,
Warszawa, Poland), ampicillin-Na-salt (Serva, Heidelberg, Germany), streptomycin sulfate
salt (Pol-Aura, Dywity, Poland), gentamycin (40 mg/mL, solution for injection and infusion;
(KRKA d.d., Novo mesto, Slovenia), amikacin disulfate salt (Pol-Aura, Dywity, Poland),
norfloxacin (Pol-Aura, Dywity, Poland), levofloxacin (5 mg/mL, solution for infusion,
(Pharmathen S.A, Pallini, Greece), vancomycin hydrochloride (Pol-Aura, Dywity, Poland),
ciprofloxacin (10 mg/mL, solution for infusion, (KRKA d.d., Novo mesto, Slovenia), van-
comycin hydrochloride (Pol-Aura, Dywity, Poland), doxycycline (20 mg/mL, solution for
infusion (Polfa Tarchomin S.A., Warszawa, Poland). Brain—heart infusion broth (BHI, Bec-
ton Dickinson, Franklin Lakes, NJ, USA) was used for MIC and FICI determination, while
BHI and tryptic soy broth (TSB, Becton Dickinson, Franklin Lakes, NJ, USA) medium sup-
plemented with 2% glucose were used to culture the biofilm bacteria. Muller-Hinton agar
(MH, Becton Dickinson, Franklin Lakes, NJ, USA) was used alongside the disc diffusion
method. Bacterial strains and culture conditions: lists of strains tested in the publication are
presented in Table 7a, b. Enterococcus faecalis ATCC 51299 and clinical strain Enterococcus
spp- were cultured in an aerobic atmosphere at 37 °C for 48 h. To determine the bacterial
viability, BHI blood agar plates were used.

Table 7. (a) List of full names of strains tested in our previous study [18] and in the present study. (b)
List of full names of strains tested in this publication only.

@)
List of Strains Listed in the Publication [18] Full Strain Name and S-pec1ﬁc Resistance
Mechanism
Enterococcus hirae ATCC 10541
Enterococcus faecalis ATCC 51299 Enterococcus faecalis ATCC 51299 VRE
Enterococcus sp. 12835 Enterococcus faecium 12835 HLAR
Enterococcus sp. 12848 Enterococcus faecium 12848 HLAR
Enterococcus sp. 12214 Enterococcus faecalis 12214 HLAR
Enterococcus sp. 12245 Enterococcus faecalis 12245 HLAR
Enterococcus sp.12961 Enterococccus faecium 12961HLAR
Enterococcus sp. 12338 Enterococcus faecalis 12338 HLAR
Enterococcus sp. 16247 Enterococcus faecium 16247 HLAR
Enterococcus faecalis 3937152 Enterococcus faecalis 3937152 HLAR, VRE
Enterococcus faecium 3934825 Enterococcus faecium 3934825 HLAR, VRE
(b)
List of Strains Listed Only in This Full Strain Name, and Specific Resistance
Publication Mechanism
Enterococcus sp. 773081 Enterococcus faecium 773081 HLAR, VRE
Enterococcus sp. 508171 Enterococcus faecium 508171 HLAR, VRE
Enterococcus sp. 830981 Enterococcus faecium 830981 HLAR, VRE
Enterococcus sp. 264281 Enterococcus faecium 264281 HLAR, VRE
Enterococcus sp. 967321 Enterococcus faecium 967321 HLAR, VRE
Enterococcus sp. 966351 Enterococcus faecium 966351 HLAR, VRE
Enterococcus sp. 576181 Enterococcus faecium 576181 HLAR, VRE
Enterococcus sp. 885041 Enterococcus faecium 885041 HLAR, VRE

HLAR (high-level aminoglycoside resistance), VRE (vancomycin-resistant Enterococcus).
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4.2. Determination of Susceptibility to Antibiotics by the Agar Disc Diffusion Method

Disc diffusion methods for antibiotics [28] and antibiotic susceptibility were inter-
preted according to EUCAST clinical breakpoints (version 11.0) [29]. In our research, Muller—
Hinton medium (Beckton-Dicinson, Franklin Lakes, NJ, USA) and antibiotic paper discs
(BioMaxima S.A., Lublin, Poland, Country) like ampicillin 2 ug/mL, imipenem 10 pg/mL,
norfloxacin 10 ug/mL, vancomycin 5 ug/mL, teicoplanin 30 pg/mL, co-trimoxazole
25 ug/mlL, doxycycline 30 png/mL, linezolid 10 ug/mL, gentamicin 120 pg/mL, and strep-
tomycin 300 pg/mL were used.

4.3. Minimum Inhibitory Concentration Determination

The MIC determination for the reference and clinical strains was performed based
on the methodology described by Butakowska et al. [18]. The dry test samples were
dissolved in dimethyl sulfoxide (DMSO) and diluted in water, resulting in a final concen-
tration of about 500 pg/mL. Antibiotics were weighed and dissolved in water, resulting
in a final concentration of ampicillin (200 mg/mL), streptomycin (200 mg/mL), amikacin
(80 mg/mL), norfloxacin (40 mg/mL) and vancomycin (80 mg/mL). The other antibiotics
were in concentrations: co-trimoxazole (composition sulfamethoxazole 400 mg: trimetho-
prim 80 mg), gentamycin (40 mg/mL), levofloxacin (5 mg/mL), ciprofloxacin (10 mg/mL),
and doxycycline (20 mg/mL). These solutions were diluted and added to the first well of
each microtiter line. Dilution in geometric progression was completed by transferring the
mixture/dilution (100 pL) from the first to the twelfth well. An aliquot (100 pL) was dis-
carded from the twelfth well. Then, 100 pL of bacterial suspension was added to each well.
The final concentration of the synthetic compound used in the antimicrobial activity assay
ranged from 125 to 0.006 pg/mL. The final concentration of the antibiotics was: ampicillin
(from 10 to 0.05 mg/mL), streptomycin (from 10 to 0.05 mg/mL), gentamycin (from 2 to
0.001 mg/mL), amikacin (from 4 to 0.002 mg/mL), norfloxacin (from 2 to 0.001 mg/mL),
levofloxacin (from 0.25 to 0.000125 mg/mL), ciprofloxacin (from 0.5 to 0.00025), vancomycin
(from 4 to 0.002 mg/mL) and doxycycline (from 1 to 0.0005 mg/mL). Tests were incubated
in adequate conditions described by Butakowska et al. [18]. The MIC was considered the
lowest concentration at which no visible growth was observed. Diluent concentration
had no effect on the activity of the tested compounds. All experiments were carried out
three times.

4.4. Inhibition of Biofilm (Prior to Biofilm and Post-Biofilm) Formation by the Cinnamic
Acid Derivatives

Determination of the biofilm inhibitory concentration (before and after biofilm forma-
tion) was carried out according to the method described by Butakowska et al. [18] with
modification. For the determination of biofilm, we used TSB (tryptic soy broth) supple-
mented with 2% glucose, BHI (brain-heart infusion broth) medium supplemented with 2%
glucose, and BHI medium supplemented with 5% bovine serum. We also increased the
range of concentrations of the tested compounds of 0.5 x MIC, MIC, 2 x MIC and 4 x MIC.
The final volume of the mixture was 200 pL. In the post-biofilm formation, biofilms were
formed for 24 h at 37 °C, non-adherent cells were removed, and compounds at the concen-
trations of 0.5 x MIC, MIC, 2 x MIC and 4 x MIC were added into each well. After 24 h
incubation at 37 °C, the contents of each well were discarded and washed 3 times with
sterile deionized water in order to remove non-adherent cells. The biofilm was fixed with
2% formaldehyde (0.5 h) and then stained with 0.1% crystal violet solution for 1 h at 37 °C.
Next, plates were rinsed with water until clean drops were obtained. The stained biofilm
was dissolved by 96% ethanol, and growth of bacteria was quantified by measuring the OD
at 560 nm using a microplate reader (Infinite® 200 PRO, Tecan, Ménnedorf, Switzerland).
Positive control were bacteria without compounds. All experiments were carried out in
three repetitions.
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4.5. Blood Bacteriostatic Activity Tests

The assay was performed as previously described by Butakowska [18] with a modifi-
cation. Pure sheep blood was used for the research. Two strains of bacteria E. faecalis 12245
and E. faecium 264281 were used with an inoculum density of approximately 108 CFU/mL
at time 0 (tp). The final concentration of the compounds were 0.5, 1, 2, 4, 8 and 16 ug/mL,
and the final volume of the assay tube was 1 mL. Bacterial survivors were determined on
BHI agar plates (CFU/mL) at 24 h after exposure. All experiments were carried out in
three repetitions.

4.6. Checkerboard Arrays for Planktonic Bacteria (Fractional Inhibitory Concentration Index)

The checkerboard arrays method was described in [22]. The BHI broth was used in
the studies. Antibiotics (ampicillin, gentamicin, streptomycin, vancomycin) in the range of
16 to 1 ug/mL and tested compounds in the range of 8 to 0.5 ug/mL were tested. Bacteria
were cultured 48 h in aerobic conditions. After incubation, the turbidity of the samples
was visually determined and the results were read. The MICs of the antibiotic and the test
compound were determined and substituted into the formula to calculate the Fractional
Inhibitory Concentration Index (FICI):

FICI = FICA + FICg = A/MICA + B/MICg

MIC, and MICp are the MICs of drugs A and B alone, respectively. A and B are
the concentrations of the drugs in combinations, respectively. FIC (index) values were
interpreted as follows [30]: FIC index < 0.5 indicates synergism, FIC index > 0.5 to < 1.0
shows partial synergism, FICI = 1.0 indicates addition, FIC index > 1.0 to 4.0 denotes
indifference, and FIC index > 4.0 denotes antagonism [22].

4.7. Statistical Analysis

All experiments were performed at least three times. The intergroup differences
were estimated by one- or two-way analysis of variance by statistical package Microsoft
Excel 2010. The data are presented as mean and standard deviation (SD). A p-value was
considered as statistically significant when it was less than 0.05.

5. Conclusions

In the current study, we continued the studies on cinnamic acid derivatives with
4-chloro-2-mercaptobenzenesulfonamide moiety on Gram-positive cocci—Enterococcus spp.
We expanded the number of research objects; in addition to clinical strains with HLAR (MIC
16d, 17¢, 16a and 16c values are published by Butakowska et al. [18]), we added the strains
with the VRE mechanism of resistance and determined the active concentrations of the
tested compounds against these bacteria. The most active compounds for the group of VRE
strains were 16¢, 17¢, 16a and 16d. Whereas, for the HLAR group, the most active turned
out to be 16a, 16¢, 16d and 16f. Compounds 16d and 17c¢ contain two or three chlorine
atoms per molecule, and a strong effect may result from HLAR and VRE bacterial cells.
Compounds 16f, 16a, 16c and 16d were the most active and inhibited biofilm formation
by the tested Enterococcus spp. HLAR strains. The biofilm formation of VRE strains was
inhibited by 16a, 16¢, 16d and 17a. Compounds 16a, 16c¢ and 16d showed a low effect
on the already formed biofilm of the tested strains; only compound 16f appeared to be
the most effective and inhibited the biofilm. We have shown that the tested derivatives
maintain stable activity, inhibiting the growth of bacteria in the peripheral blood of domestic
sheep. The interactions between antibiotics and compounds 16a, 16¢ and 16f presented a
synergistic effect with ampicillin, gentamicin, streptomycin and vancomycin against HLAR
strains. The compounds 16a, 16¢, 16d and 17c exhibit synergism, partial synergism or
additivity against VRE strains. It should be noticed that the tested compounds reduce the
MIC for antibiotics by 8 to 10,000 times. The MIC of the tested compounds in combination
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with antibiotics is reduced by 2 to 32 times. In summary, our results indicate that the tested
cinnamic acid derivatives may be promising in the treatment of bacterial infections.
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Abstract: The emergence of antibiotic resistance poses a serious threat to humankind, emphasizing
the need for alternative antimicrobial agents. This study focuses on investigating the antibacterial,
antibiofilm, and anti-quorum-sensing (anti-QS) activities of saponin-derived silver nanoparticles
(AgNPs-S) obtained from Ajwa dates (Phoenix dactylifera L.). The design and synthesis of these
novel nanoparticles were explored in the context of developing alternative strategies to combat
bacterial infections. The Ajwa date saponin extract was used as a reducing and stabilizing agent to
synthesize AgNPs-S, which was characterized using various analytical techniques, including UV-Vis
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and transmission electron microscopy
(TEM). The biosynthesized AgNPs-S exhibited potent antibacterial activity against both Gram-
positive and Gram-negative bacteria due to their capability to disrupt bacterial cell membranes and
the leakage of nucleic acid and protein contents. The AgNPs-S effectively inhibited biofilm formation
and quorum-sensing (QS) activity by interfering with QS signaling molecules, which play a pivotal
role in bacterial virulence and pathogenicity. Furthermore, the AgNPs-S demonstrated significant
antioxidant activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals and cytotoxicity
against small lung cancer cells (A549 cells). Overall, the findings of the present study provide
valuable insights into the potential use of these nanoparticles as alternative therapeutic agents for the
design and development of novel antibiotics. Further investigations are warranted to elucidate the
possible mechanism involved and safety concerns when it is used in vivo, paving the way for future
therapeutic applications in combating bacterial infections and overcoming antibiotic resistance.

Keywords: antibiofilm; anti-quorum sensing; cytotoxicity; antibacterial; antibiotic resistance; saponins;
Phoenix dactylifera; Ajwa date
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1. Introduction

Nanotechnology is a rapidly advancing area that deals with the manipulation and
control of matter at the nanoscale level, typically involving structures with dimensions
ranging from 1 to 100 nanometers [1]. At this scale, materials frequently display distinc-
tive qualities and behaviors that are different from those of their bulk counterparts [2].
Nanotechnology has attracted significant attention due to its potential to revolutionize
various industries and offer solutions to numerous challenges in many disciplines, such
as pharmaceutical industries, electronics, energy, and environmental science [3-5]. One
particular area of interest within nanotechnology is the utilization of nanoparticles, which
are tiny particles with dimensions on the nanoscale [6,7]. Among the several kinds of
nanoparticles, silver nanoparticles (AgNPs) have attracted a great deal of interest and have
emerged as a prominent nanomaterial with diverse applications [8]. AgNPs have unique
chemical, physical, and biological characteristics that make them highly versatile for a
variety of applications [9,10]. The unique properties of AgNPs, such as their high surface-
area-to-volume ratio, high electrical and thermal conductivity, and antimicrobial properties,
contribute to their extensive applications in many disciplines such as the pharmaceutical
industries, electronics, environmental science, and consumer products [11-13]. These char-
acteristics make AgNPs versatile and attractive for use in relation to diverse technological
advancements, paving the way for exciting developments in the nanotechnology arena [14].

The drugs previously used to inhibit or kill viruses, bacteria, and fungi have become
less effective over time [15]. It has been found that the improper use and misuse of antimi-
crobials can lead to resistance in bacteria. This is particularly problematic in developing
nations where patients can obtain antibiotics without a medical prescription [16]. Several
antibiotics that are designed to inhibit the growth of bacteria and fungi are being phased
out due to the fact that the target microorganisms are becoming resistant to them. Thus,
antibiofilm effects and QS inhibition are currently regarded as two new methods that can
be employed to tackle microbial resistance, thereby alleviating the ferocity of infections
associated with them [17]. There are many kinds of bacteria that produce an extracellular
polymeric protective coating, referred to as a biofilm, on abiotic or biotic surfaces. These
coatings are most commonly found on surfaces with adequate nutrients or on food sources,
and they protect bacteria against antibiotics, disinfectants, detergents, and defense systems
that occur in the host body [18]. The process of QS involves the synthesis, diffusion, detec-
tion, and reaction of small signaling molecules known as autoinducers that signal to other
cells. In fact, biofilm formation is a result of QS, which increases the resistance of bacteria to
antibiotics 10-1000 times more than in their planktonic stage [19]. By disrupting the biofilm
formation and QS in bacteria, it is possible to limit the expression of virulence factors in
pathogenic bacteria, as well as the infection and contamination of such microorganisms.

It is widely recognized that natural foodstuffs such as fruits can provide human bodies
with nutrients and a range of bioactive molecules that contribute to a healthy body. As
strategic antimicrobials, these natural products are being looked into as potential food
additives or nutraceuticals, which can serve as nutritional supplements for the good health
of consumers. The inhibition of the production of signal molecules aided by synthesized
signal molecules is a process called QS inhibition, which can be used to target cell-to-cell
communication. When the production of the signal molecules is blocked, the bacteria are
not able to form biofilms [20]. As a result, most scientists are currently working on the
development of new therapeutic antibiotics by investigating plant products in order to find
new antibiotics, which prevent the development of resistant bacteria strains by inhibiting
QS mechanisms and controlling infections [21].

There is enormous interest in plants being used to synthesize different types of metal
nanoparticles. Using plant metabolites in the synthesis of AgNPs is advantageous due
to their natural origins and low toxicity [22]. In recent years, several reports have been
published on the process by which plant-mediated AgNPs are synthesized. The results
of these studies have shown that plant metabolites can be used to synthesize bioactive
AgNPs with high efficiency. There are different types of secondary metabolites that can
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be found in plants, such as flavonoids, phenolic compounds, terpenoids, and saponins,
which have been reported to play a role in reducing silver ions to their elemental state [23].
Due to the fact that plant species vary in terms of their composition and the quantity of
secondary metabolites, it is important for us to examine a broad range of plant species to
determine their ability and efficiency in biosynthesizing metal nanoparticles [24]. In this
way, biomedical constraints and other production-related issues can be overcome. By using
phyto-molecules to synthesize AgNPs, we may be able to avoid the problems associated
with toxic chemical reagents in the production of AgNPs [25].

Ajwa dates (Phoenix dactylifera L.) are an expensive and popular fruit limited to Saudi
Arabia’s holy city of Madinah Al Munawara and its surrounding areas [26]. There is an
abundance of dietary fiber in Ajwa dates, which may help to solve digestion problems. By
providing natural roughage to the body and stimulating bowel movements, Ajwa dates
effectively relieve constipation [27]. Furthermore, these dates contain large amounts of
potassium, which is necessary for muscle contractions. Ajwa dates enrich breast milk
with many nutrients that are beneficial for lactating women. Ajwa dates have also been
shown to reduce disease and infection susceptibility in the children of mothers who eat
them regularly [28]. Additionally, Ajwa dates are high in iron, which is another significant
advantage. Besides assisting in the production of red blood cells, iron may also assist
in treating and preventing anemia. As a result of their nutritional and health properties,
Ajwa dates can be thought of as a potential bioactive component for the development of
food products with nutraceutical significance for various health purposes [29]. Ajwa dates
usually accumulate polyphenols, triterpenoids, saponins, and flavonoids, which confer
some medicinal properties, including protection against cardiovascular disorders, diabetes,
and cancer. Furthermore, their antimicrobial, anti-inflammatory, and antioxidant properties
suggest their potential benefits in supporting immune function and reducing the risk of
various infections [30].

The aim of this study was therefore to extract and synthesize saponin-derived AgNPs
from Ajwa dates (AgNDPs-S). Different biophysical methods were used to characterize the
formation of AgNPs-S. Furthermore, the synthesized AgNPs-S were also tested against
several bacterial pathogens to determine their antibacterial, nucleic acid, and protein leak-
age and their anti-QS and antibiofilm properties. The production of violacein, pyocyanin,
and prodigiosin, which is considered a QS phenomenon, was examined in the presence
of AgNPs-S. Additionally, the antioxidant activity of AgNPs-S against DPPH free radicals
and their cytotoxic potential against human small lung cancer cells (A549s) were further
assessed.

2. Materials and Methods
2.1. Collection of Ajwa Dates

The Ajwa dates used in the present study were purchased fresh from Al-Madina
Al-Munawwarah, the Kingdom of Saudi Arabia. After manual separation, the pulpy
part of the date fruits was washed with double-distilled water, dried in an oven, and
coarsely powdered using an electrical grinder. After the coarse powder was prepared for
experimentation, it was kept in an airtight jar.

2.2. Extraction of Crude Saponins

In order to extract crude saponins from the Ajwa dates, powdered samples (20 g) were
heated at 55 °C for 4 h with 100 mL of ethanol (20%). After the extract was filtered, residues
were re-extracted using 200 mL of ethanol (20%). The extract was concentrated to 40 mL in
a water bath and then combined with 20 mL of diethyl ether in a separating funnel. The
mixture was vigorously agitated to separate the diethyl and aqueous layers. The aqueous
phase was collected, and the diethyl ether fraction was discarded. N-butanol (60 mL) was
added and thoroughly mixed in the aqueous layer. In the next step, 10 mL of 5% NaCl
solution was added to the n-butanol extract. A water bath was used to concentrate the
solution, and the saponin residues were dried in an oven [31].
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2.3. Foam Test for Saponins

Saponins were diluted with 20 mL deionized water; then, samples were shaken for
15 min. The presence of saponins was suggested by the development of a stable foam.

2.4. Spectrophotometric Analysis of Saponins

A spectrophotometric method was used, with minor modifications, to quantitate
the saponin-enriched fractions [32]. Quil-A (QA) was used as a standard. A solution of
p-anisaldehyde (Sigma Aldrich®, Bengaluru, India) in ethyl acetate (0.5:99.5) and a solution
of H,SO4 were mixed in equal amounts. QA and saponins were mixed with 2 mL of ethyl
acetate. In the next step, reagents A and B were added (1 mL) to the reaction mixture. An
incubation at 60 °C was performed in a water bath for 10 min on the mixture. After cooling
the solutions for 10 min, they were measured at 430 nm for absorbance. The absorbance
was measured using ethyl acetate as a control. To obtain a calibration curve, 75-175 ug of
standard saponin was mixed in 2 mL of ethyl acetate. The overall saponins in the extract
were calculated using a calibration curve for standard saponin.

2.5. High-Performance Thin-Layer Chromatography (HPTLC)

The HPTLC technique was used to analyze saponin-rich fractions obtained from
Ajwa dates. After pre-washing with methanol and activating at 100 °C for 30 min, a silica
gel 60 Fys4 plate (20 x 10 cm) was utilized for the chromatographic analysis. Separation
was performed with chloroform, methanol, and water (6.4:3.2:1.2:0.8 v/v/v). Using an
HPTLC autosampler (ATS4, CAMAG AG, Muttenz, Switzerland), a 10 uL sample was
injected in 8 mm bands under a nitrogen flow (ATS4, CAMAG AG, Muttenz, Switzerland).
HPTLC chambers were developed and presaturated with solvent systems and were used
for separation until the migration of the solvent front reached 70 mm. In the following step,
a vacuum-drying process was performed on the plates for 10 min [33].

2.6. Derivatization with p-Anisaldehyde Sulphuric Acid after Chromatography

The developed chromatographic plate was post-chromatographically derivatized by
dipping it using a p-anisaldehyde sulphuric acid coloring solution (for 5 s). After drying
for 10 min, a temperature of 70 °C was further applied to the plate for 5 min until bands
appeared. A photo documentation system was used for the detection (TLC visualizer,
CAMAG AG, Muttenz, Switzerland) of visible and ultraviolet light wavelengths. With a
slit length of 5.00 x 0.45 mm and a wavelength of 545 nm, a densitometric measurement
was performed (CAMAG AG, Muttenz, Switzerland). A densitogram was evaluated via
winCats (CAMAG AG, Muttenz, Switzerland) [34].

2.7. Biosynthesis of Silver Nanoparticles Using Extracted Saponins (AgNPs-S)

The development of saponin-derived AgNPs was carried out by adding 4 mL of the
extracted saponins drop by drop into 16 mL of 0.003 M aqueous silver nitrate and stirring
itat 60 °C for 2 h [35]. The solution started to form silver nanoparticles as it changed color
from yellow to brown. To further characterize the AgNPs-S, they were centrifuged, washed
with ethanol, dried, and subsequently utilized for various biological assays.

2.8. Characterization of AGQNPs-S

The first step in characterizing the AgNPs-S was the spectrophotometric analysis. A
range of 300 to 700 nm was scanned with a resolution of 1 nm for AgNPs-S [36]. Fourier
transform infrared spectroscopy (FI-IR) was further used to investigate the potential
interaction between saponins and AgNO3 (Bruker®, Billerica, MA, USA). The spectra were
recorded in the range of 500 to 4000 cm~ ! with 32 scans and a resolution of 4 cm ™1 [37].
To estimate the shape and size of AgNPs-S, TEM measurements were also performed.
The TEM analysis was carried out using a JEM-1400 Plus, Jeol, India. A TEM analysis
was performed after smearing the AgNPs-S sample in a grid of carbon-coated copper and
allowing it to evaporate for 1 h under a vacuum dryer [38].
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2.9. Antibacterial Activity of AGQNPs-S

An agar well diffusion technique was used to test the antibacterial activity of AgNPs-S
against various Gram-positive and Gram-negative pathogenic bacteria, such as Chromobac-
terium violaceum MTCC-2656 (C. violaceum), Pseudomonas aeruginosa MTCC-741 (P. aerugi-
nosa), Escherichia coli MTCC-9537 (E. coli), Bacillus subtilis MTCC-121 (B. subtilis), Proteus
vulgaris MTCC-426 (P. vulgaris), Serratia marcescens MTCC-97 (S. marcescens), Enterococcus
faecalis MTCC-439 (E. faecalis), and Staphylococcus aureus MTCC-96 (S. aureus) [39]. Using
a sterile swab, the cultures of each bacterial strain, which had been developed overnight,
were streaked onto an MHB agar plate. In the following step, using a sterile cork borer,
wells were punctured, and AgNPs-S were transferred into each well. The plates were
incubated at 37 °C for 24 h. Furthermore, the incubated samples were determined by
measuring the inhibition zone.

2.10. Determination of Minimum Inhibitory Concentration (MIC)

The standard broth dilution assay was used to evaluate the MIC values of AgNPs-S
against different bacterial pathogens [40]. The AgNPs-S were used in a series of double
dilutions in MHB with an active bacterial culture (108 CFU/mL, 0.5 McFarland standard)
to determine the MIC. The concentrations of the sample ranged from 1698.7 ug/mL to
1.65 ug/mL. A control was prepared using only inoculated broth, which was incubated
at 37 °C for 24 h. The smallest concentration of AgNPs-S that prevents any growth on
the tubes is known as the MIC. To verify the MIC value, the turbidity of the tubes was
measured before and after incubation.

2.11. Determination of Nucleic Acid Leakage

Cell membrane integrity can be observed via the liberation of the cytoplasmic com-
ponents of a cell that are indicative of the integrity of its membrane [41]. The incubation
of P. aeruginosa bacteria was achieved using an LB medium at 37 °C for 12 h. Except for
the control, the log-phase culture was treated with AgNPs-S (1 x MIC, 2 x MIC). After
that, the incubation of samples was carried out at 37 °C for 6 and 24 h. The samples were
filtered as soon as they were collected using an organic membrane with a 0.2 um filter. The
optical density of the supernatant was measured at 260 nm to estimate the amount of DNA
and RNA released from the cytoplasm.

2.12. Determination of Protein Leakage

The effect of AgNPs-S on cell integrity was further determined by checking the release
of proteins after the treatment of the AgNPs-S. Bradford’s method was used to determine
the protein concentrations in the supernatants [42]. The log-phase cultures of P. aeruginosa
were treated with AgNPs-S (1 x MIC, 2 x MIC), except the control, and incubated at
37 °C for 6 h and 24 h. Centrifugation at 6000 rpm for 10 min at 4 °C was performed
after incubation. The protein concentration was determined by adding 200 pL of the
supernatant to 800 uL of the Bradford reagent at 595 nm via a UV spectrophotometer
(UV-2600, Shimadzu, Japan). Bovine serum albumin (BSA) was used as a standard protein.

2.13. Determination of Antibiofilm Activity

Test tubes made of glass were used to investigate the antibiofilm effects of AgNPs-S
as a hydrophilic surface [43]. Briefly, tubes containing 1 mL of an active bacterial culture
and 500 pL of AgNPs-S (sub-MICs) received 3 mL of sterilized LB medium. After thorough
mixing, the tubes were incubated in a shaker for 72 h at room temperature. After the tubes
had been incubated, planktonic cells were taken out and washed with PBS. Inside the tubes,
the biofilm that had grown was stained with crystal violet. By washing the stained biofilm
with PBS and eliminating the excess dye, the developed biofilm was dissolved in acetic acid
and its absorbance was measured at 595 nm using the UV spectrophotometer (UV-2600,
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Shimadzu, Japan). Controls for the growth of biofilms were made using an LB medium
containing individual bacterial strains. Biofilm inhibition was estimated as follows:

O.D.control — O-Ditest/O.D.control X 100

2.14. Determination of the Anti-QS Activity of AQNPs-S

The AgNPs-S were evaluated for their anti-QS properties against C. violaceum, P. aerug-
inosa, and S. marcescens via a well-diffusion assay. Bacterial cultures grown overnight were
spread over Petri plates, and a gel puncture was used to make wells. The wells were
punctured, 50 puL of AgNPs-S was added, and the plates were then incubated at 37 °C for
24 h. The anti-QS effects were seen the next day as a zone of clearance [44].

2.15. Assessment of Violacein Pigment Production in C. violaceum

In order to quantify violacein production, the standard procedure was followed [45].
A culture of C. violaceum was grown for 18 h at 30 °C without and with sub-MIC concentra-
tions of AgNPs-S. Violacein pigment and bacterial cells were separated using centrifugation
at 10,000 rpm for five minutes. To dissolve the pigment, the pellet was violently vortexed in
1 mL of DMSO for 5 min. The suspension was centrifuged again to spin down the bacterial
debris. For the measurement of supernatant absorbance, a UV spectrophotometer was used
(UV-2600, Shimadzu, Japan). The inhibition of violacein pigment production was estimated
as follows:

O.D.control — O-D-test/O-D.control X 100

2.16. Assessment of Pyocyanin Pigment Production in P. aeruginosa

Following the established standard protocols, the impact of AgNPs-S on the synthesis
of pyocyanin in P. aeruginosa was examined in both the presence and the absence of AgNPs-
S. [46]. The growth of P. aeruginosa in the LB medium in the presence and absence of
sub-MICs of AgNPs-S took place overnight at 37 °C. Afterwards, 5 mL of the grown culture
was centrifuged at 10,000 rpm for 10 min to collect the supernatant. The pyocyanin pigment
production was then extracted from the supernatant of culture via extraction with 3 mL of
chloroform. In the following step, the organic phase was collected and re-extracted with
1.2 mL of 0.2 N HCI. As a final step, the aqueous phase was taken, and absorbance was
determined using a UV spectrophotometer (UV-2600, Shimadzu, Japan). The inhibition of
pyocyanin pigment production was estimated as described above.

2.17. Assessment of Prodigiosin Pigment Production in S. marcescens

The effect of AgNPs-S on the production of prodigiosin synthesis in S. marcescens
was investigated in both the presence and the absence of AgNPs-S by following standard
procedures [47]. A test culture of S. marcescens was grown overnight at 30 °C in a sterile LB
medium with and without AgNPs-S. After incubation, bacterial cells were collected using
centrifugation for 10 min at 10,000 rpm. The resulting cell pellet was thoroughly stirred
at room temperature into acidified ethanol (96 mL ethanol + 4 mL 1 M HCl). To eliminate
cell debris, the mixture was centrifuged once more. The absorbance of the supernatant at
534 nm was then calculated using a spectrophotometer (UV-2600, Shimadzu, Japan). The
inhibition of prodigiosin pigment production was estimated as described above.

2.18. Determination of DPPH Free-Radical-Scavenging Activity

The antioxidant activity of AgNPs-S was assessed against DPPH free radicals [48]. A
freshly prepared DPPH solution in methanol (1 mM) was combined with equal volumes of
different concentrations of AgNPs-5 (1-1000 pg/mL) and mixed thoroughly. Following that,
the solution was incubated for 30 min at room temperature in the dark. After incubation,
a UV spectrophotometer (UV-2600, Shimadzu, Japan) was used to measure absorbance
at 517 nm. Methanol served as a blank, and DPPH served as the control. The percentage
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of inhibition was used to calculate the free-radical-scavenging activity according to the
following formula:
% Scavenging activity = Pc — Ps/Pc x 100

where Pc is the absorbance of the control and Ps is the absorption of the AgNPs-S.

2.19. Determination of the Cytotoxic Potential of AGQNPs-S

A549 (human non-small-cell lung cancer) and HEK293 (human embryonic kidney
cells) were used to investigate the cytotoxic activity of the biosynthesized AgNps-S. Cells
were raised in Dulbecco’s Modified Eagle’s Medium (DMEM) (MP Biomedicals, Eschwege,
Germany) with 10,000 units/mL penicillin, 5 milligrams/mL streptomycin antibiotic so-
lution, and 10% fetal bovine serum (Hi-Media, Mumbeai, India) in T-25 flasks (25 cm?) at
37 °C in humidified atmospheres with 5% CO;. Cells were seeded in 96-well plates at a
density of 10* cells per well after achieving 80% confluency. A hemocytometer was used
to determine the viability of the cells after staining with Trypan Blue (0.4%) (Hi-Media®,
Mumbai, India). In the following step, the cells were treated with different concentrations
of AgNPs-S (1-1000 ug/mL) for 48 h. Following the removal of the plate from the incubator,
the AgNPs-S-containing medium was aspirated. Each well was then incubated at 37 °C
for 3 h under a humidified atmosphere (5% CO;) with 200 uL of the medium containing
10% MTT reagent (MP Biomedicals, Eschwege, Germany). The formazan crystals were
dissolved in 100 L of DMSO (Merck, Darmstadt, Germany) after the medium had been
removed. With the help of an ELISA reader (EL10A, Biobase, China), the absorbance at 570
and 630 nm was measured in order to calculate the concentration of formazan crystals in
the sample. To calculate the percentage of growth inhibition, a calculation was carried out
by subtracting the values of the background and blank. Cisplatin was used as a positive
control in this assay.

2.20. Statistical Analysis

Results are presented as the mean £ SD of the number of experiments performed. The
significance of the results was determined for the treatments using an ordinary one-way
ANOVA followed by Bonferroni’s multiple comparisons test at p < 0.05. The analyses were
carried out using the Graph Pad Prism software 8.0.

3. Results
3.1. Extraction and Confirmation of Saponins

The solvent-extraction method was used to extract crude saponins from the Ajwa
dates. An initial qualitative test for saponins was conducted using the froth test, which was
found to be successful in demonstrating the presence of saponins. In the HPTLC analysis,
different compounds were detected with retention factors (Rf) of 0.021, 0.131, 0.187, 0.274,
0.610, and 0.769 for the extracted saponins from the extraction process (Figure 1A-D). Based
on the spectrophotometric analysis, it was confirmed that the total crude saponin-enriched
fraction yield was 415.89 pg/mL of crude saponins.
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Figure 1. (A) Ajwa date fruits, (B) foam test of the saponin-enriched fractions of the Ajwa dates,
(C) an HPTLC image of Ajwa dates with saponin-enriched fractions, (D) analyses of saponin-enriched
fractions of Ajwa dates showing the separation of different compounds using HPTLC.

3.2. Synthesis and Characterization of AGQNPs-S

AgNPs-S biosynthesis was achieved after extracting saponins from Ajwa dates and
mixing them with a silver nitrate solution. During the incubation period, the sample
color changed from yellow to dark brown. UV-visible spectroscopy is an important
tool that is employed to detect AgNPs. UV-Vis spectroscopy was used as the primary
method of checking the formation and constancy of synthesized AgNPs-S. A spectroscopy
measurement after 24 h expressed an absorption spectrum with a peak maximum of 440 nm
for the synthesized AgNPs-S (Figure 2A). Additionally, spectroscopy measurements were
performed on the synthesized AgNPs-S after a period of one week, and the spectroscopic
results showed no noticeable variation in the spectra of the nanoparticles, providing further
evidence of their stability.

The FTIR spectra of crude saponins and AgNPs-S are shown in Figure 2. The FTIR
spectra of AgNPs-S showed absorption bands at 1021.17 cm !, 1708.19 cm ™!, 2947.38 cm !,
and 3293.53 cm~!, corresponding to C-O stretching vibration of ethers or glycosides, C=O
stretching vibration of carbonyls, C-H stretching vibration of alkanes, and O-H stretching
vibration of hydroxyl groups. The FTIR spectra of crude saponins showed intense bands
at 1019.36 cm ™1, 1720.87 cm ™!, 2947.49 cm~!, and 3339.57 cm ™!, and a slight shift in the
peak positions of IR bands in crude saponins and AgNPs-S was observed that indicates
the functional groups and interactions involved in the synthesis and capping process. The
size and morphology of the AgNPs-S were examined using TEM analysis. The resultant
TEM images obtained at 120,000 x magnifications and 80 KV are shown in Figure 2C,D.
The TEM analysis revealed that the particles are spherical in nature and polydisperse. The
sizes of the AgNPs-S, calculated via TEM analysis, were 2-10 nm.
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Figure 2. Characterization of AgNPs-S. (A) UV-visible absorption spectra of AgNPs-S. (B) FT-IR
analysis of AgNPs-S. (C,D) Morphological analysis of AgNPs-S via TEM analysis, scale bar = 20 nm.
(D) Enlargement of AgNPs-S, scale bar = 10 nm.

3.3. Antibacterial Potential of AQNPs-S

A well diffusion assay demonstrating the antibacterial properties of the biosynthesized
AgNPs-S against Gram-positive and Gram-negative bacteria shows that they possess
antibacterial properties. Zones of inhibition were used as a measure of antibacterial activity
when assessing the results. The zone of inhibition was 14.00 mm against C. violaceum,
11.50 mm against P. aeruginosa, 11.48 mm against B. subtilis, 10.24 mm against P. vulgaris,
10.00 mm against S. aureus, 8.60 mm against E. faecalis, 8.46 mm against S. marcescens, and
8.24 mm against E. coli (Figure 3). A broth microdilution method was used to estimate the
MIC of AgNPs-S against the selected pathogens. Furthermore, in order to determine the
MIC of AgNDPs-S against the tested pathogens, a broth microdilution method was used. The
AgNPs-S had MIC values of 13.27 ug/mL for C. violaceum, 53.08 pg/mL for P. aeruginosa,
B. subtilis, P. vulgaris, and S. aureus, and 106.16 ug/mL for E. faecalis, S. marcescens, and
E. coli (Figure 4).
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Figure 3. Antibacterial activity of crude saponins and AgNPs-S against different Gram-positive and
Gram-negative bacterial pathogens. Values are represented as the mean £ SD of three independent

experiments.
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Figure 4. Determination of MIC after taking the optical density at 600 nm: (A) C. violaceum, (B) P. aerug-
inosa, (C) B. subtilis, (D) P. vulgaris, (E) S. aureus, (F) E. faecalis, (G) S. marcescens, and (H) E. coli.

3.4. Determination of the Effect of AQNPs-S on Nucleic Acids and Protein Leakage

As a possible mechanism of antibacterial action, the AgNPs-S were tested in order to
determine whether they could suppress P. aeruginosa by leaking DNA and RNA via the

52



Antibiotics 2023, 12, 1415

membranes of the bacteria. When AgNPs-S were added to the bacterial culture, the results
showed that the nucleic acids of the bacterial cell content were released into the medium,
and these nucleic acid contents were released at an increasing rate with increasing doses of
AgNPs-S. As a result of the P. aeruginosa treatment with supernatants of AgNPs-S (1 x MIC,
2 x MIC) for 6 and 24 h, the optical density (OD260) of the tested aliquot was much higher
than that of the untreated controls. It is also worth noting that the optical density readings
were observed to increase following the incubation intervals for 6 and 24 h (Figure 5A).
There is an indication that AgNPs-S caused damage to the cell membrane of P. aeruginosa,
which led to the disruption to the cell membrane and caused a leaking of macromolecules,

including DNA and RNA.
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Figure 5. (A) AgNPs-S led to DNA and RNA leakage from P. aeruginosa bacteria. (B) AgNPs-S led
to essential protein leakage from P. aeruginosa bacteria. Values are represented as the mean & SD
of three independent experiments. Different superscript letters indicate significant differences at
p < 0.05 with respect to the control.

A turther effect of AgNPs-S was observed via the disruption of proteins in the cell
membranes of bacterial cells. According to the results shown in Figure 5B, AgNPs-S caused
damage to the bacterial cell membrane of P. aeruginosa, which caused essential proteins to
leak into the environment. In the untreated control, the leakage of proteins at the start of the
experiment was much lower than the drip of proteins in the AgNPs-S-treated group. There
was an increase in protein leakage not only with an increase in AgNPs-S concentrations,
but also with an upsurge in the duration of the treatment. AgNPs-S caused a reduction in
the content of cellular proteins due to their ability to penetrate and disrupt the membranes
of cells.
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3.5. Antibiofilm Potential of AGQNPs-S

In the presence of AgNPs-S, C. violaceum, P. aeruginosa, and S. marcescens were observed
to produce less biofilm in a concentration-dependent manner. At concentrations below the
MIC, AgNPs-S reduced biofilm formation by 74.79%, 45.40%, and 29.32% in C. violaceum;
68.63%, 44.52%, and 40.55% in P. aeruginosa, and 55.87%, 53.34%; and 45.81% in S. marcescens
(Figure 6A).
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Figure 6. (A) Analysis of the quantitative inhibition of biofilm production using AgNPs-S. (B). Anal-
ysis of the quantitative inhibition of violacein in C. violaceum using AgNPs-S. Values are presented as
the mean £ SD of three independent experiments. Different superscript letters indicate significant
differences at p < 0.05 with respect to the control.

3.6. Anti-QS Potential of AQNPs-S

AgNPs-S were initially examined for their impact on C. violaceum QS activity. AgNPs-S
prevented C. violaceum from producing violacein pigment at sub-MIC concentrations, which
would indicate an inhibition of QS activity. Violacein production decreased by 65.89%,
49.69%, and 32.63% after treatment with 1/2,1/4, and 1/8 MIC, respectively (Figure 6B).
Furthermore, no inhibition was observed for the growth of C. violaceum when it was given
treatments with AgNPs-S at sub-MIC levels.

The AgNPs-S were further studied for the inhibition of pyocyanin pigment to find
out whether they could be effective in inhibiting the QS system of P. aeruginosa. Further-
more, pyocyanin is considered a powerful virulent factor that contributes to P. aeruginosa
pathogenesis, virulence, and growth. A concentration-dependent reduction in pyocyanin
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formation at sub-MIC concentrations was achieved with AgNPs-S, and this reduction was
measured at 74.83%, 68.21%, and 60.59%, respectively (Figure 7A).
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Figure 7. (A) Analysis of the quantitative inhibition of pyocyanin production in P. aeruginosa using
AgNPs-S. (B) Analysis of the quantitative inhibition of prodigiosin in S. marcescens using AgNPs-S.
Values are presented as the mean + SD of three independent experiments. Different superscript
letters indicate significant differences at p < 0.05 with respect to the control.

Moreover, the anti-QS activity of AgNPs-S was also studied in relation to the inhibition
of prodigiosin activity in S. marcescens. Bacteria produce a pigment called prodigiosin,
which is believed to play an essential role in promoting the growth, pathogenesis, and
virulence of the organism. Prodigiosin production was reduced at sub-MIC doses by
71.10%, 65.22%, and 49.28% in a dose-dependent manner (Figure 7B).

3.7. In Vitro Antioxidant and Cytotoxic Potential of AQNPs-S

As part of the assessment of newly synthesized AgNPs-S and their antioxidant po-
tential, they was tested against DPPH free radicals. Our novel synthesized AgNPs-S was
observed to have good radical-scavenging abilities when exposed to DPPH free radicals.
The antioxidant action of AgNPs-S was obtained in a dose-dependent manner, meaning
that the antioxidant potency tended to rise with the increase in the sample concentration
(Figure 8A). An MTT assay was used to assess the potential cytotoxic properties of AgNPs-S
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in contrast to non-small-cell lung cancer cells (A549) and normal human embryonic kidney
cells (HEK-293). The obtained results indicated that the A549 cancer cells were inhibited in
a dose-dependent manner after the treatment with AgNPs-S, whereas a low cytotoxicity of
AgNPs-S was observed against HEK-293 cells at higher concentrations (Figure 8B).
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Figure 8. (A) Antioxidant potential of AgNPs-S against DPPH free radicals. (B) Cytotoxic activity of
AgNPs-S against A549 human non-small-cell lung-cancer cells and normal human embryonic kidney
cells (HEK-293). Values are presented as the mean + SD of three independent experiments. Different
superscript letters indicate significant differences at p < 0.05 with respect to the control.

4. Discussion

Natural compounds known as saponins can be found in a variety of plants, especially
in legume seeds and roots, herbs, vegetables, and fruits [49]. Their name is derived from
their ability to form soapy lathers when mixed with water. An important characteristic of
saponins is that they are glycosides, meaning that they are a mixture of sugar molecules
and non-sugar molecules. The non-sugar molecule in saponins is usually a steroid or
triterpenoid, while saponins contain a variety of sugar molecules that give rise to a range
of biological activities [50]. Saponins are known for forming stable foams or froths when

56



Antibiotics 2023, 12, 1415

they are shaken with water, one of their most well-known properties. Due to their natural
foaming properties, they are often used in applications such as detergents, shampoos,
and soaps, where they can act as natural foaming agents [51]. As well as being capable
of providing surfactant properties, saponins have also been shown to possess a variety
of biological properties that include antimicrobial, antifungal, anti-inflammatory, and
anticancer properties [52-55].

In this study, we investigated the antibiofilm, antibacterial, and anti-QS activities of
novel AgNPs synthesized from saponins derived from Ajwa dates. Recently, interest in
the potential effectiveness of AgNPs as antibacterial agents has experienced an uptick due
to their distinctive properties, including their improved surface area, improved reactivity,
and potential to overcome antibiotic resistance [11-13]. Ajwa dates, known for their rich
saponin content, proved to be an intriguing natural source for the development of AgNPs
by means of potential antimicrobial activity [56]. As a result of the characterization studies,
it was confirmed that AgNPs can be successfully synthesized using the saponins derived
from Ajwa dates. The UV-Vis spectroscopy results revealed characteristic absorption
peaks in the range associated with the formation of AgNPs, indicating that nanoparticles
were formed during the synthesis process. The Fourier-transform infrared spectroscopy
(FTIR) investigation revealed various functional groups from Ajwa date saponins that
contribute to the stability and capping of AgNPs. The C-H stretching vibration of alkanes
is usually seen around 2900 cm~! and indicates the presence of aliphatic hydrocarbon
chains in saponins. This peak may not change significantly after the synthesis of AgNDPs,
as the hydrocarbon chains are not involved in the reduction or capping process [57]. The
C=0 stretching vibration of carbonyls is usually seen around 1700 cm~! and indicates the
presence of carbonyl groups (C=0) in saponins. These groups can be part of ketones, esters,
or carboxylic acids. This peak may shift or change in intensity after the synthesis of AgNPs,
as the carbonyl groups can be involved in the reduction or capping process. For example,
carboxylic acids can donate electrons to silver ions and form carboxylate groups that bind
to the surface of AgNPs [58]. The O-H stretching vibration of alcohols or phenols is usually
seen around 3400 cm ! and indicates the presence of hydroxyl groups (O-H) in saponins.
These groups can be part of sugars, glycosides, or phenolic compounds. This peak may
shift or change in intensity after the synthesis of AgNPs, as the hydroxyl groups can be
involved in the reduction or capping process. For example, phenols can donate electrons
to silver ions and form phenolate groups that bind to the surface of AgNPs [59]. The C-O
stretching vibration is found in ethers and glycosides. This peak is usually seen around
1100 cm~! and indicates the presence of ether or glycosidic linkages (C-O-C) in saponins.
These linkages connect different sugar units or aglycones in saponins. This peak may
not change significantly after the synthesis of AgNPs, as the ether or glycosidic linkages
are not involved in the reduction or capping process [59]. In the present study, a similar
pattern of FTIR spectra was observed for crude saponins and AgNPs-S, which confirms the
synthesis and capping process of AgNPs using crude saponins. Further confirmation of the
successful synthesis of AgNPs was provided by transmission electron microscopy (TEM)
images that showed polydispersed AgNPs 2-10 nm in size and with spherical shapes. As
reported earlier [57], saponin-capped silver nanotriangles were prepared in an aqueous
system using a Trigonella foenum-graecum seed extract. The synthesized nanoparticles
were crystalline and triangular in shape, with an edge length of approximately 80 nm.
Using UV /Vis spectroscopy, it was observed that the synthesized saponin-capped silver
nanotriangles showed three absorption peaks at 360 nm, 432 nm, and 702 nm. For more
than six months, these peaks remained in almost the same position, which confirms that
the silver nanotriangles have a high level of stability. The FTIR spectra confirmed the
presence of saponin on the surface of the silver nanotriangles, which acted as a capping
agent and prevented their aggregation. In one study, AgNPs were synthesized using
saponin-rich/poor leaf extracts from Ocimum tenuiflorum and Phyllanthus urinaria [60]. The
results of the study showed that leaf extracts rich in saponins (WE) produced AgNPs that
were smaller, more uniform in size, and more stable than extracts that were low in saponins
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(EE). The AgNPs synthesized from WE had an average size of 9.6 nm, and an average size
of 18.8 nm was measured for those synthesized from EE. There was a zeta potential of
—29.3 mV for the AgNPs synthesized from WE and —17.4 mV for the AgNPs synthesized
from EE. As a result of the FTIR analysis, it was confirmed that saponin was present on
the surface of the AgNPs synthesized from WE as a capping agent. It was evident from
the TEM images that the AgNPs synthesized from WE exhibited a spherical shape, while
those synthesized from EE displayed an irregular shape. Similarly, AgNPs were also
synthesized and characterized by [61] using saponin extracts from Simarouba glauca oil seed
meal. With an average size of 10 nm, the synthesized AgNPs were spherical in shape. There
were intense bands in the FTIR spectrum of saponin at 3350 cm~1, 2827 em~1, 1704 cm ™1,
and 1024 cm~!, whereas the AgNPs showed absorption bands at 3375 cm ™!, 2928 cm ™!,
1707 cm~!, and 1024 cm !, corresponding to O-H stretching vibrations, C-H stretching
vibrations, and symmetric and asymmetric C—-O-C stretching vibrations of carboxyl groups,
respectively. In saponin and the synthesized AgNPs, there was a slight shift in the peak
positions of the IR bands caused by the reduction process. The results of this study confirm
that saponin can adsorb on the surfaces of AgNPs and that saponins can cap and stabilize
nanoparticles.

In recent years, there has been rising concern about the formation of biofilms and
the emergence of antibiotic resistance within various domains, such as pharmaceutical
medicine, agriculture, and other industries [62]. A biofilm is composed of a variety of mi-
crobes, such as bacteria, fungi, and algae, which attach to surfaces and form an extracellular
polymeric substance (EPS). Additionally, various reports suggest that biofilms could play a
significant role in the development of numerous infections. Biofilm formation can occur on
medical apparatuses, implants, and natural surfaces [63—-65]. In the presence of a biofilm,
bacteria exhibited significant levels of resistance to antibiotics, as well as being immune to
the immune response of the host. [66]. A number of factors cause this resistance, including
physical barriers, altered phenotypes, quorum sensing, and persistent cells [67]. In the
healthcare setting, biofilms and antibiotic resistance pose significant challenges that need
to be addressed. Infections associated with biofilms are often chronic and hard to treat and
can result in the recurrence of infections even after the initial treatment has been completed.
A second factor contributing to the spread of antibiotic resistance within a microbiome is
the horizontal gene transfer of antibiotic resistance genes between bacteria and within their
biofilm [68,69].

It is essential to take a multifaceted approach to addressing the issue of biofilms
and antibiotic resistance in order to resolve this issue. A number of strategies are being
explored, including the formulation of novel antimicrobial compounds that are specifically
targeted in biofilms, the design of surface coatings that prevent biofilm formation, the use
of combination therapies to treat multiple pathways, and the exploration of alternative
treatments such as bacteriophages [70-74]. During the last few years, a tremendous amount
of consideration has been paid to the inhibition of biofilm formation through targeting
the QS mechanism. During the QS process, bacteria communicate with one another and
coordinate their activities within a biofilm [75]. By interfering with the process of QS, the
communication between bacterial cells is disrupted, causing the breakdown of the biofilm
and the associated resistance mechanisms. As a consequence of this disruption, mature
biofilms cannot be formed, resulting in the bacteria being more susceptible to antibiotics
and other treatments [76]. Therefore, targeting the QS mechanism presents a promising
avenue for inhibiting biofilm formation, reducing antibiotic resistance, and improving the
effectiveness of antimicrobial treatment.

Saponins have long been recognized for their antimicrobial properties, which can be
attributed to their amphiphilic nature and ability to disrupt bacterial cell membranes. The
hydrophilic glycone portion and the lipophilic aglycone moiety of saponins contribute to
their interactions with bacterial membranes. Saponins are inserted into the lipid bilayer,
causing disruptions in the membrane’s integrity. This disruption leads to increased per-
meability, the leakage of cellular contents, and eventual bacterial cell death. Moreover,
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saponins can also interfere with bacterial quorum sensing, a process critical for bacterial
communication and virulence [77]. The combination of saponins with AgNPs has garnered
interest as a means of enhancing antibacterial efficacy. Saponins can serve as stabilizing
agents for AgNPs, preventing aggregation and maintaining their colloidal stability. This
synergistic approach leverages the inherent antibacterial mechanisms of both compounds,
leading to a cumulative effect on bacterial inhibition [78]. The newly synthesized AgNPs-S
and their antibacterial activity were assessed against a variety of bacterial strains in order
to determine their effectiveness. A pronounced inhibitory effect was observed in the zone
of inhibition assays, indicating that AgNP-S can be effective in the fight against bacterial
growth. Furthermore, the determination of the MIC values indicated that AgNPs-S can
be effective against bacteria at low concentrations. In view of these findings, it is clear
that AgNPs derived from the saponins of Ajwa dates possess potent antibacterial prop-
erties. However, the MIC values of AgNPs were found to be different against different
Gram-positive and Gram-negative bacterial pathogens. This might be for several reasons;
for instance, Gram-positive bacteria have a relatively thick peptidoglycan layer in their
cell walls, which provides structural integrity and plays a crucial role in resisting the
entry of foreign substances, including antibacterial agents [79]. This thicker peptidoglycan
layer can act as a barrier, making it more difficult for antibacterial agents to penetrate and
reach their target sites within the bacterial cell. As a result, Gram-positive bacteria may
require higher concentrations of an antibacterial agent to achieve the same inhibitory effect,
leading to a higher MIC value [80]. On the other hand, Gram-negative bacteria have an
additional outer membrane composed of lipopolysaccharides (LPS) that surrounds their
thin peptidoglycan layer. This outer membrane serves as an extra barrier and can restrict
the entry of hydrophobic molecules, including some antibiotics, into the bacterial cell [81].
Therefore, Gram-negative bacteria might exhibit stronger resistance to certain antibacterial
agents, resulting in higher MIC values. Moreover, Gram-negative bacteria possess efflux
pumps that actively pump out various compounds, including antibiotics, from the bacterial
cell. This efflux mechanism contributes to antibiotic resistance by quickly expelling the
drug and reducing its effective concentration within the cell, which can lead to elevated
MIC values. Therefore, the differences in cell wall structures, membrane properties, and
resistance mechanisms between Gram-positive and Gram-negative bacteria can all con-
tribute to variations in MIC values for antibacterial agents targeting these different types of
bacteria [82].

AgNPs are well known to exert antibacterial effects against a variety of bacteria,
including multi-drug-resistant strains. There are several ways in which AgNPs can interact
with bacteria, depending on their size, shape, surface charge, and coating. Upon attachment
to the bacterial cell wall, AgNPs can disrupt its integrity and leak cytoplasmic content and
membrane potential [83,84]. DNA and RNA can be damaged by AgNPs that penetrate into
the bacterial cytoplasm and bind to nucleic acids, preventing their replication, transcription,
and translation [84]. Furthermore, AgNPs can also produce reactive oxygen species (ROS)
and free radicals, which are capable of inducing DNA damage [83]. Bacterial proteins
and enzymes can be denatured, aggregated, or inhibited by AgNPs [83,84]. Additionally,
AgNPs can impact ribosomes and tRNAs, which are essential for protein synthesis [84].
The oxidative phosphorylation and ATP synthesis of bacteria can be interfered with by
AgNPs [83,84]. It is possible for these mechanisms to lead to the death of bacteria through
apoptosis or necrosis [83,84]. In the present study, synthesized AgNPs-S were able to leak
nucleic acids and protein at concentrations of 1 x MIC and 2 x MIC after 6 h and 24 h in
P. aeruginosa.

Furthermore, AgNPs-S also displayed remarkable antibiofilm activity. As AgNPs-
S are capable of inhibiting biofilm formation, it indicates that they can be used for the
prevention of bacterial infections and to fight against antibiotic resistance in the future. The
disruption of biofilms by AgNPs-S indicates their potential to augment the effectiveness
of conventional antibiotics to a considerable extent. This study shows that AgNPs-S have
significant antibiofilm potential, which is consistent with the results from other studies
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that reported on the antibiofilm potential of AgNPs that were synthesized in different
ways. For example, a study by [85] synthesized AgNPs from leaf extracts of Allophylus
cobbe and tested their antibacterial and antibiofilm effects against P. aeruginosa, E. coli, and
S. aureus. The results showed that AgNPs could disrupt the biofilm’s integrity, penetrate
into the biofilm matrix, interfere with the quorum-sensing system, and enhance the efficacy
of antibiotics. The authors of [86] synthesized AgNPs from leaf extracts of Semecarpus
anacardium, Glochidion lanceolarium, and Bridelia retusa and evaluated their antibacterial
and antibiofilm activities against different bacterial pathogens. The results demonstrated
that AgNPs could attach to the biofilm surface, disrupt its structure, cause the leakage of
EPS, and induce oxidative stress, DNA damage, protein dysfunction, and cell death. A
study by [87] chemically synthesized AgNPs and characterized their effect on the biofilm
formation and EPS production of P. aeruginosa and S. aureus. The results revealed that
AgNPs could inhibit biofilm formation, reduce EPS production, and alter the morphology of
biofilm cells. A study by [88] synthesized AgNPs using sodium borohydride as a reducing
agent and examined their antibiofilm activity against extended-spectrum (3-lactamases-
producing E. coli and Klebsiella spp. The results indicated that AgNPs could prevent biofilm
formation, detach biofilm cells, and increase the susceptibility of biofilm cells to antibiotics.
A study by [89] synthesized AgNPs—chitosan composites and assessed their antibiofilm
activity against multi-drug-resistant Acinetobacter baumannii. The results suggested that
the AgNPs—chitosan composites could inhibit biofilm formation, disrupt biofilm structure,
reduce biofilm biomass, and enhance the activity of antibiotics.

The anti-QS activity of AgNPs-S was an intriguing aspect of this study. The QS
mechanism is a means of communication among bacteria that produces and detects the
signal molecules responsible for regulating virulence factors [19]. AgNPs-S derived from
Ajwa date saponins were found to inhibit QS in bacteria, thereby inhibiting progress in
bacterial communication and virulence by interfering with QS. As a consequence of this
finding, AgNPs-S are not only considered to be potential antimicrobial agents but also
factors that could influence bacterial behavior and bacteria’s pathogenic capabilities.

An imbalance between the body’s protective antioxidant mechanisms and the gener-
ation of reactive oxygen species (ROS) leads to oxidative stress [90]. ROS, including free
radicals, result in damage to cells, proteins, and DNA, leading to oxidative stress and the
development of various diseases [91]. Natural compounds possess powerful antioxidant
activity that plays a pivotal role in countering oxidative stress and maintaining cellular
health by combating oxidative damage [92]. The antioxidant activity of AgNPs makes them
intriguing therapeutic candidates. There are several mechanisms through which AgNPs
can exhibit antioxidant activity. They accomplish this by donating electrons or accepting
free radicals, one of the most important mechanisms through which they scavenge and
neutralize reactive oxygen species (ROS). Aside from this, AgNPs can actively stimulate the
activity of endogenous antioxidant enzymes, such as catalase, glutathione peroxidase, and
superoxide dismutase (SOD), which assist in the reduction of oxidative stress and the con-
servation of cellular homeostasis [93-95]. The strong antioxidant activity of AgNPs-S was
also demonstrated in the present study by their capacity to scavenge DPPH free radicals.

Lung cancer is one of the most important health issues worldwide; it is caused by
the uncontrolled growth of abnormal cells in the lungs. The disease has a high mortality
rate and limited treatment options, causing high mortality among various cancer-related
deaths [96]. Many conventional treatment options, such as surgery, chemotherapy, and
radiation therapy, have limited efficacy and can cause a range of side effects [97]. Thus, it is
essential that novel approaches for the management and treatment of cancers such as lung
cancer should be explored. Regarding possible therapeutic options, AgNPs are an emerging
research area. Several potential advantages can be gained from using AgNPs to treat lung
cancer. In terms of their cytotoxicity, AgNPs have been shown to selectively target cancer
cells while sparing healthy cells [98]. The potential benefits of this targeted strategy could
include the possibility of minimizing damage to healthy lung tissue, as well as reducing the
adverse effects associated with conventional treatment methods [99]. Second, AgNPs have
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demonstrated promising cytotoxic properties. The process of apoptosis (programmed cell
death) or autophagy (the self-destruction of cancer cells) is thought to be the mechanism
by which these compounds induce cell death [100,101]. As well as inhibiting tumor
angiogenesis, AgNPs exert antiangiogenic effects by forming new blood vessels to support
tumor growth [102]. Furthermore, nanoparticles synthesized from silver can be used as
drug carriers or to enhance the effectiveness of existing chemotherapeutics. Anticancer
drugs can be loaded or functionalized onto them, enabling targeted delivery to the tumor
site and potentially improving bioavailability. By using this approach, drug resistance can
be overcome and treatments enhanced [103]. The results of our study showed a significant
inhibition of the viability of human non-small-cell lung cancer cells after the action of
AgNPs-S. Therefore, AgNPs-S show great promise as a novel treatment for lung cancer.

Overall, saponin-derived AgNPs from Ajwa dates possess significant antibacterial,
antibiofilm, anti-QS, antioxidant, and cytotoxic potential. These nanoparticles demonstrate
broad-spectrum antimicrobial activity, inhibit biofilm formation, interfere with QS, and ex-
hibit antioxidant and cytotoxic effects against lung cancer cells. The multifaceted activities
of AgNPs-S open up new avenues for their application in combating bacterial infections,
biofilm-related complications, and cancer.

5. Conclusions

The development of saponin-derived silver nanoparticles from Ajwa dates repre-
sents a novel and promising approach in nanotechnology and biomedical research. The
findings discussed in this study highlight the successful synthesis of AgNPs utilizing
bioactive saponins found in Ajwa dates and emphasize their potential in many fields.
The antibacterial potential of the novel AgNPs-S was evident in preventing the growth of
both Gram-positive and Gram-negative bacteria. Moreover, the novel AgNPs-S exhibited
significant antibiofilm activity by impeding the formation and growth of bacterial biofilms.
The observed anti-QS activity of AgNPs-S provides a novel avenue for mitigating bacterial
pathogenicity by disrupting QS signaling and downregulating virulent gene expression.
Additionally, AgNPs-S demonstrated noteworthy antioxidant and cytotoxic effects, exert-
ing cytotoxicity against lung cancer cells. Overall, this investigation into the antibacterial,
antibiofilm, anti-QS, antioxidant, and cytotoxicity potential of saponin-derived AgNPs from
Ajwa dates offers valuable insights into their multifunctional properties. The outcomes
of this study hold great promise for the advancement of innovative bio-therapeutic ap-
proaches against bacterial infections, biofilm-related complications, and cancer. Continued
research in this area may be a promising approach to reforming the field of nanomedicine
and addressing the pressing challenges associated with antimicrobial resistance and cancer
therapy.
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Abstract: Multi-drug-resistant (MDR) bacteria, including methicillin-resistant Staphylococcus aureus
(MRSA), pose a significant challenge in healthcare settings. Small molecule antimicrobials (SMAs)
such as x-pyrones have shown promise as alternative treatments for MDR infections. However,
the hydrophobic nature of many SMAs limits their solubility and efficacy in complex biological
environments. In this study, we encapsulated pseudopyronine analogs (PAs) in biodegradable
polymer nanoemulsions (BNEs) for efficient eradication of biofilms. We evaluated a series of PAs with
varied alkyl chain lengths and examined their antimicrobial activity against Gram-positive pathogens
(S. aureus, MRSA, and B. subtilis). The selected PA with the most potent antibiofilm activity was
incorporated into BNEs for enhanced solubility and penetration into the EPS matrix (PA-BNEs). The
antimicrobial efficacy of PA-BNEs was assessed against biofilms of Gram-positive strains. The BNEs
facilitated the solubilization and effective delivery of the PA deep into the biofilm matrix, addressing
the limitations of hydrophobic SMAs. Our findings demonstrated that the PA2 exhibited synergistic
antibiofilm activity when it was loaded into nanoemulsions. This study presents a promising
platform for addressing MDR infections by combining pseudopyronine analogs with antimicrobial
biodegradable nanoemulsions, overcoming challenges associated with treating biofilm infections.

Keywords: biofilm infections; nanoemulsions; pseudopyronine analogs; essential oils

1. Introduction

Multi-drug-resistant (MDR) bacteria annually cause at least 2 million infections, lead-
ing to 23,000 deaths and increased hospitalizations each year [1]. Some of the most con-
cerning MDR bacteria include methicillin-resistant Staphylococcus aureus (MRSA) [2]. MDR
bacteria are challenging to treat due to their adapted ability to tolerate high levels of thera-
peutics [3-5]. Not addressing MDR bacterial infections contributes to increased persistence
of infection, even resulting in mortality [6]. Biofilms formed by MDR bacteria are par-
ticularly challenging, not only from the inherent ability of associated bacteria to tolerate
high levels of therapeutics [7], but also the protective environment, resulting in antibiotic
therapy being ineffective [8]. The extracellular polymeric substances (EPSs) matrix in a
biofilm, in particular, is a barrier to most antibiotics, resulting in increased antimicrobial
resistance and prolonged infection [9].

Antibiotics 2023, 12, 1240. https:/ /doi.org/10.3390/antibiotics12081240 66 https://www.mdpi.com/journal/antibiotics
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Small molecule antimicrobials (SMAs) provide effective therapeutics and can offer
a large design space that can be explored for drug development as an alternative solu-
tion to MDR infections [10]. «x-Pyrones are a class of natural products produced by a va-
riety of microorganisms as both biosynthetic precursors and secondary metabolites that
have been found to possess antibiotic, antifungal, cytotoxic, and anti-atherosclerotic
activity [11-15]. Pseudopyronine A (Figure 1) and pseudopyronine B are x-pyrone
natural products produced by multiple species of bacteria that have saturated alkyl
chains on C3 and C6 [16-19]. The pseudopyronines act as antibiotics against both
resistant and non-resistant Gram-positive bacteria via selective membrane disruption
and inhibition of fatty-acid synthase (FAS) II [19-21]. Recently, we synthesized and
evaluated a series of C3/C6 pseudopyronine analogs and found that alkyl chain length
at these positions directly affects antibacterial activity with analogs with longer alkyl
chains (up to 6/7 carbons) showing the highest potency against susceptible strains of
S. aureus and B. subtills both Gram-positive pathogens [22].

HO | x
o)
o)
1
Log P:1.42
HO | N HO | X
0 o)
0O O o)
2 3
Log P: 2.66 Log P: 4.76

Figure 1. Chemical structures of pseudopyronine A and pseudopyronine analogs (PA) 1,2, and 3.

Hydrophobic SMAs have limited aqueous solubility, making them challenging to use
in complex biological environments like biofilms [23]. Combination strategies employing
dual antimicrobials to combat biofilm infections have been studied; however, their efficacy
toward mature biofilms is limited due to heterogeneous compositions deactivating many
therapeutics [24].

Nanoemulsions involving essential oils have shown promising potential in treat-
ing bacterial infections with broad-spectrum activity, high biocompatibility, and a
high barrier against resistance development [25,26]. Polymeric carriers based on
poly(oxanorbornenimide) (PONI) backbones have been utilized for antimicrobial de-
livery [27]. In our previous studies, we introduced functionalized PONI-polymers
incorporating guanidinium, maleimide, and tetramethylene glycol monoethyl ether
(PONI-GMT) to create nanoemulsions with nature-derived essential oils including
eugenol, carvacrol, linalool, and methyl eugenol [26]. We further explored this system
to load hydrophobic antimicrobial therapeutics for the synergistic treatment of bac-
terial biofilms, leveraging the amphiphilic properties of nanoemulsions. Therefore,
we hypothesized that polymer-based biodegradable nanoemulsions (BNEs) can be
utilized along with pseudopyronine analogs (PAs) to encapsulate and solubilize to
reach deep into the EPS matrix and produce enhanced antibiofilm activity. For this
study, we chose to examine three compounds with varied activity from the original
series, PA1 (C = 3,4), PA2 (C = 6,7), and PA3 (C = 7,8) [28]. From these leads, PA2
had the best synergistic antibiofilm activity with the BNE. PA-BNE reduced bacterial
viability against S. aureus and MRSA and B. subtilis biofilms compared with when
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PA2 worked alone. Notably, PA-BNEs showed minimum cytotoxicity to fibroblast
cells. Taken together, these studies demonstrated that careful choice of therapeutic and
carrier presents a strategy to access a large design space of small molecules to address
limitations of SMAs including solubility and biofilm penetration.

2. Results
2.1. Antimicrobial Activity of Analog Compounds against Gram-Positive Planktonic Bacteria

The intrinsic antimicrobial activity of analogs was evaluated against Gram-positive
bacteria including MRSA by determining minimum inhibitor concentration (MIC) values
(Table 1). PA1 was found to have MIC of 250 mg/L against S. aureus and B. subtilis,
respectively. The most potent activity against S. aureus was observed for PA2 with MIC
value of 0.5 mg/L. For longer alkyl chain analogs, PA2 and 3 showed more potent activity
against S. aureus with 0.5 mg/L and 25 mg/L, respectively. We also tested the analogs
against a drug-resistant strain of S. aureus, specifically MRSA, where the MIC values were
higher than S. aureus.

Table 1. In vitro antimicrobial activity of PAs.

MIC (mg/L)
Compound
S. aureus MRSA B. subtilis
PA1 500 >500 500
PA2 0.5 125 50
PA3 25 177 50

S. aurues (CD-35), MRSA (IDRL-6169), and B. subtilis (FDéDb).

2.2. Fabrication of PAs-Loaded Biodegradable Nanoemulsions (PA-BNEs)
2.2.1. Solubility of PAs in Eugenol

BNEs were fabricated by emulsifying essential oils (eugenol) with amphiphilic poly-
mers using an oil-water interface and cross-linking [26]. The essential o0il can be used
to load hydrophobic components [29]. In this study, eugenol was chosen for its wide
spectrum of antimicrobial activity and ability to disrupt biofilm when it was delivered with
BNEs. PAs were dissolved in eugenol, and the solubility of each compound was recorded
(Table 2). The solubility was high for PAs close to log P of eugenol (log P: 2.49). The PA2
have similar log P values of eugenol, affording the highest concentrations of around 100
mg/mL (PA2 log P: 2.66). However, PA1 and PA3 have higher or lower log P values (PA1
log P: 1.42, PA3 log P: 4.76), and show somewhat lower solubility compared with PA2.
Taken together, PA2 was chosen for further studies due to its higher antimicrobial activity
and better carrier solubility.

Table 2. Solubility test result of the PAs in eugenol.

PA1 PA2 PA3

Drug concentrations in eugenol (mg/mL) 48 100 25

2.2.2. Generation and Characterization of PA-BNEs

Eugenol was used to dissolve PA2 (up to 24 mg/mL), and serial diluted to generate
different formulations of PA2-loaded nanoemulsions (PA-BNE) (Figure 2a). In each fabrica-
tion, 500 uL of PA-BNE solution containing different PA2 levels was afforded and defined
as 100% solution (v/v). The hydrodynamic size of PA-BNEs was measured by dynamic light
scattering (DLS) and formed around 290 nm with narrow size distributions (polydispersity
index: 0.08) (Figure 2b, Figure S1). The measured zeta potential of PA-BNEs was +10 mV,
attributed to positively charged guanidinium groups on the polymers (Figure 2c).
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Figure 2. (a) Schematic representation of the workflow for preparation of PA-loaded nanoemulsions
(PA-BNE) after solubility test and antimicrobial testing; (b) hydrodynamic size of PA-BNE measured
by dynamic light scattering (DLS); (c) intensity graph of zeta-potential measurement.

2.3. Antimicrobial Activity of PA-BNE
2.3.1. Antimicrobial Activity of PA-BNEs

We next evaluated the antimicrobial activity of PA-BNE against MRSA (IDRL-6169).
The minimum bactericidal concentrations (MBCs) were determined for each material PA2
and BNE. The PA2 alone was 12 mg/L and BNE was 16% (Table 3). Then, we varied PA2
loading to generate PA-BNEs and check the MBC. We observed 8% concentrations of BNE
with 4 mg/L, showing eradication of MRSA the next day. The MBCs of PA2 were a third
time less with BNE, and the MBC of BNE was half-fold than when treated alone, indicating
a positive additive effect of those two systems.
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Table 3. Minimal bactericidal concentrations (MBCs) of PA2, BNE and PA-BNE against MRSA.

MBC
Materials
MRSA (IDRL-6169)
PA2 12 mg/L
BNE 16% (v/v)
PA-BNE 8% (0/v), 4 mg/L

2.3.2. Antibiofilm Activity of PA-BNEs

We next evaluated the antimicrobial activity of PA in the nanoemulsions against S.
aureus (CD-35) and B. subtilis (FD6b) biofilm. The minimum biofilm bactericidal concen-
trations (MBBCs) were initially determined for each component using high-throughput
screening. The PA2 alone was 4 mg/L where BNE was >16% (Figure 3a) against S. aureus.
For B. subtilis, PA2 was presenting limited antibiofilm activity (>100 mg/L). Subsequently,
we used PA-BNE with different levels of PA2 loading to assess their combined effects
and best formulations for delivering PA to biofilm through checkerboard titrations. We
observed that PA2 was active at 16% (v/v) concentrations of BNE, showing eradication at
32-fold lesser concentrations (0.125 mg/L) with BNE than PA2 alone (Figure 3b). For B.
subtilis, a similar trend was observed, where PA-BNE (with 4 mg/L of PA2) showed eradi-
cation of biofilms after treatment (Figure S2). The additive effect was determined between
PA2 and eugenol by fractional inhibitory concentration index (FICI = 0.531). Furthermore,
we tested PA-BNE against MRSA biofilms with vancomycin as a control to evaluate the
therapeutic potential of the system. Notably, the PA-BNE showed the most reduction in
bacterial viability as comparable to the antibiotics.

a) % Bacterial )
S. aureus (CD-35) Viability I PA-BNE
100% 125
_ N PA2
16% BN §100 - Bl 16% BNE
2 (Control)
% 75
g
PA2 50% =
[T}
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Figure 3. (a) Minimum biofilm bactericidal concentrations (MBBCs) of BNEs, PA2, and PA-BNE
against S. aureus biofilm represented as a heatmap and (b) bacterial viability (%) of S. aureus biofilm
at 16% of BNE varying PA2 concentrations after treatment. The data shown are averages of triplicates
with the error bars indicating standard deviations.

2.4. Cytotoxicity of PA-BNE In Vitro Fibroblast Cell

Lack of toxicity to mammalian cells of combined PA-BNEs was demonstrated by
mammalian cell viability test against 3T3 fibroblast cells, which is an epithelial cell line
that is damaged during bacterial biofilm infections at the wound site. PA-BNEs showed
safety towards mammalian cells, maintaining cell viability levels above 90% [30]. These
results were comparable to those observed for the drug alone, indicating the safety of the
combined system through nanoemulsions. Across the concentration range tested, PA-BNEs
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consistently demonstrated no significant adverse effects on cell viability, indicating its
potential for safe implementation in various applications.

3. Discussion

Small molecule antimicrobials (SMAs) present a new and effective approach to de-
veloping therapeutics, offering a wide range of possibilities for drug design to combat
drug-resistant infections [31,32]. Pseudopyronines (PAs) are a class of x-pyrone natural
products, synthesized by multiple bacterial species [31,33]. In this study, we screened
antimicrobial activity of synthesized derivatives of PAs, varying the number of carbons
from 3,4 (PA1), 6,7 (PA2), and 7,8 (PA3) on C6 and C3 positions respectively. We confirmed
the longer alkyl chains, but particularly PA2 with 6,7 carbons and a ketone on the C3
alkyl side chain, exhibited the highest potency against Gram-positive (S. aureus, MRSA
and B. subtilis) strains of bacteria (Table 1). However, the application of SMAs is hindered
by their low solubility in water, posing challenges in complex biological settings such as
biofilms [31].

Polymers with poly(oxanorbornenimide) (PONI) backbones have been used as carriers
to deliver antimicrobials [33]. We previously reported functionalized PONI-polymers with
guanidinium, maleimide and tetramethylene glycol monoethyl ether (PONI-GMT) to
form nanoemulsions with essential oils by using amphiphilic properties of polymers [26].
Essential oils are promising antimicrobials, but their activity against biofilm is reduced
due to their hydrophobicity, which limits their penetration through the biofilm matrix [34].
Therefore, essential oils using nanoemulsions featured efficient penetration resulting in
enhanced antimicrobial activity against biofilm [26]. BNEs were also used for the delivery
of additional antimicrobials, such as hydrophobic triclosan [28]. In the current study, we
employed nanoemulsions for the delivery of PAs to eradicate bacterial biofilms, using
efficient loading of PAs to amphiphilic BNEs.

The BNEs used in our studies are composed of both hydrophobic and hydrophilic
materials, enabling the incorporation of hydrophobic antimicrobials like PAs. Firstly, we
tested the compatibility of PAs with essential oil by dissolving PAs into eugenol. Eugenol
was chosen for its broad antimicrobial activity and ability to disrupt biofilms forming
stable nanoemulsions with PONI-GMT polymers [26,35,36]. The solubility of PAs was
tested and PA2 showed the highest solubility (100 mg/mL) among the PAs (Table 2). PA2
also demonstrated potent antimicrobial activity, suggesting that PA2 can be a promising
candidate for co-delivery with eugenol in BNEs to enhance the accumulation of therapeutics
and achieve synergistic bacterial killing against the biofilms.

Using the stock solution of PA2-eugenol, we generated formulations of PA-BNEs using
emulsification (Figure 2a). We demonstrated the successful fabrication of nanoemulsions
loaded with chosen analogs PA2, with size ~290 nm (Figure 2b, Figure S51) with positive
surface charge +10 mV in an aqueous solution (Figure 2c). The formulated PA-BNEs were
tested against MRSA to determine minimal bactericidal concentrations (MBCs) with PA2
and BNE controls. The result indicated PA-BNE featured an additive effect by lowering
MBCs of PA2 and BNE when they were treated individually. Next, we screened formu-
lations by varying PA2 concentrations to determine their synergistic effect between PA2
and eugenol using a checkerboard assay to determine MBBC. We demonstrated PA-BNEs
showed a 32-fold reduction up to 0.125 mg/L relative to PA2 alone (4 mg/L). For B. subtilis,
the MBBC of PA-BNE was determined at 4 mg/L with BNE while PA2 alone showed
now significant antibiofilm activity (>100 mg/L). These results suggest the activity of PA2
was enhanced through the nanoemulsions system by enhanced delivery of PA2 across the
mature biofilms (Figure 3a and Figure S2).

We assessed the antimicrobial activity of PA-loaded nanoemulsions against biofilms
of S. aureus (CD-35), B. subtilis (FD6b), and MRSA (IDRL-6169). For B. subtilis, PA-BNE
(containing 4 mg/L of PA2) effectively eliminated the biofilms. Furthermore, we tested the
PA-BNE against MRSA biofilms, using vancomycin as a control to evaluate the therapeutic
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potential of the system (Figure S3). Notably, the PA-BNE exhibited a significant reduction
in bacterial viability, comparable to the effects of the antibiotics.

Our findings demonstrate that PA-loaded nanoemulsions, specifically PA-BNE, effec-
tively target and eradicate biofilms of S. aureus, B. subtilis, and MRSA. The combination
of PA2 and eugenol within the nanoemulsion formulation shows enhanced antibiofilm
activity, highlighting the therapeutic potential of this system.

Biofilm formation at infection sites can prolong the healing process regulated by fibrob-
last skin cells [37,38]. To evaluate the compatibility of PA-BNEs, we tested their cytotoxicity
at concentrations used to eliminate established biofilms. In in vitro 3T3 fibroblast cells,
PA-BNEs did not exhibit any significant toxicity towards fibroblast cells within the relevant
concentration range (Figure 4). Overall, this result indicates that combination therapy of
PA2 and BNEs has minimal toxicity towards mammalian cells.
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Figure 4. Cell viability of 3T3 fibroblast cells measured band quantified by Alamar blue assay.
Treatment was performed for 3 h with materials. Values are expressed as mean =+ standard deviation
of >3 replicates.

4. Materials and Methods

The following bacteria strains were used for this study: S. aureus (CD-35), MRSA
(IDRL-6169), and B. subtilis (FD6b). Overnight cultures of bacteria were prepared by
transferring the isolated colony from the agar plate to culture tubes with sterile media broth.
The bacterial cultures were then incubated overnight at 37 °C with aeration and agitation
(275 rpm) until they reached the desired growth phase. Isolates with code IDRL were
from the Infectious Diseases Research Laboratory at Mayo Clinic (Rochester, MN, USA).
CD were from the Cooley Dickenson (Northampton, MA, USA). NIH-3T3 cells (ATCC
CRL-1658) were purchased from ATCC. Dulbecco’s Modified Eagle’s Medium (DMEM)
(DMEM; ATCC 30-2002) and fetal bovine serum (SH3007103) (Thermo Fisher Scientific,
Waltham, MA, USA) were used for cell culture. Invitrogen™ alamarBlue™ Cell Viability
Reagent (DAL 1100) was purchase from Thermo Fisher Scientific (Waltham, MA, USA) and
used following the manufacturer’s protocol.

4.1. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentrations (MBCs)

The bacteria were grown in TSB medium under specific conditions. Once they reached
the mid-log phase, the cultures were collected through centrifugation and washed with a
sodium chloride solution. The concentration of the bacterial solution was determined by
measuring the optical density at 600 nm. Dilutions of the bacterial solution were fabricated
using M9 medium to achieve a concentration of 1 x 10° cfu/mL. In a 96-well plate, 50 uL
of these diluted bacteria in M9 was mixed with 50 uL of testing materials in M9, resulting
in a final bacterial concentration of 5 x 10° cfu/mL. The testing concentration was adjusted
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according to a standard protocol. Control groups, including a growth control with only a
bacterial solution and a sterile control, were included in each experiment. The plate was
then incubated for 16 h. The experiment was performed in triplicates, and at least two
independent experiments were conducted on different days. The minimum inhibitory
concentration (MIC) was determined as the lowest concentration of the testing chemical that
prevented visible growth observed with the naked eye. Subsequently, the testing solutions
(up to 4-fold MICs) exhibiting no visible growth were further diluted and enumerated on
tryptic soy agar (TSA) plate. The MBC value was determined if it showed ~99% reduction
in CFU/mL.

4.2. Preparation of PA-BNE

PA-BNEs were created by emulsifying eugenol loaded with PA2 and DTDS into an
aqueous solution of PONI-GMT. Solid PA2 was dissolved in eugenol at different concentra-
tions up to 33 mg/mL, along with DTDS at a concentration of 3 wt %. A total of 3 uL of the
oil mixture and 497 uL of the aqueous PONI-GMT solution were combined and emulsified
using an amalgamator for 50 s. The resulting emulsions were left to rest overnight before
being utilized in the experiment.

4.3. Minimal Biofilm Bactericidal Concentration (MBBC) Determination

The minimum biofilm bactericidal concentrations (MBBCs) of the BNEs, PA2, and PA-
BNEs were determined following established protocols. Bacterial solutions were prepared
from overnight cultures and diluted 1/50th using tryptic soy broth (TSB) and incubated
at 275 rpm and 37 °C until they reached the mid-log phase. Next, 150 uL of the bacterial
culture was added to each well of a 96-well microtiter plate with pegged lids and incubated
at 37 °C and 50 rpm for 6 h. Subsequently, the pegged lids were rinsed by submerging
them in 200 pL of PBS for 30 s, followed by transfer to a separate 96-well plate containing
two-fold serial dilutions of the therapeutic agents prepared in 5% TSB in M9 media. The
plate was then incubated at 37 °C for 24 h. Afterward, the biofilms on the lids were treated
with PBS as described earlier and transferred to a new plate containing fresh media. This
plate was further incubated at 37 °C to determine the MBBC. The MBBC of the antibiofilm
agents was determined through visual inspection and confirmed using spectrophotometry
by measuring the optical density at 600 nm (OD600).

4.4. Antibiofilm Study

Bacterial seeding solutions were prepared in Tryptic Soy Broth (TSB) to achieve an
optical density (OD) of 0.1. To a 96-well plate, 100 uL of the seeding solution was added.
The plates were covered and incubated at room temperature under static conditions for
2 days to allow biofilm formation. After the incubation period, the biofilms were washed
three times with phosphate-buffered saline (PBS) to remove any planktonic bacteria. PA-
BNE fabricated in M9 media (5% v/v of TSB) were added to each well of the microplate.
The microplate was then incubated at 37 °C under static conditions for 3 h. Following the
incubation, the biofilms were washed with PBS three times, and the viability of the bacteria
was assessed using an Alamar blue assay, following the manufacturer’s protocol. This
assay provides a measure of bacterial viability.

4.5. Mammalian Cell Viability Assay

The cytotoxicity of different components was evaluated using established protocols.
To begin, 20,000 NIH 3T3 fibroblast cells (ATCC CRL-1658) were cultured in a 96-well plate
using Dulbecco’s modified Eagle medium (DMEM, ATCC 30-2002) supplemented with 1%
antibiotics and 10% bovine calf serum. The cells were incubated in a humidified atmosphere
with 5% CO, at 37 °C for 48 h. After incubation, the media was removed, and the cells
were washed with phosphate-buffered saline (PBS) before incubation with the therapeutic
agents. The PA2 or PA-BNE, solutions were prepared in media containing 10% serum and
incubated with the cells in the 96-well plate for 3 h under humidified conditions at 37 °C.
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Alamar blue assays were performed following the manufacturer’s protocol from Invitrogen
Bio-source to assess cell viability. The reduction in the Alamar blue agent resulted in red
fluorescence, which was quantified using a Spectromax M5 microplate reader (Ex: 560 nm,
Em: 590 nm). The percentage of cell viability was determined relative to the cells incubated
with no materials, which were considered 100% viable controls. Each experiment was
conducted in triplicate and repeated on two different days.

5. Conclusions

In summary, our study explored the use of small molecule antimicrobials (SMAs) and
nanoemulsions for combating drug-resistant infections, particularly biofilms. Our studies
found that longer alkyl chain derivatives of pseudopyronine analogs 2 (PA2) exhibited the
highest potency against Gram-positive bacteria with MIC of 0.5 mg/L. By incorporating
PAs into nanoemulsions, we enhanced their solubility and antimicrobial activity. The
synergistic effect of PA2 and eugenol in the nanoemulsion system resulted in a significant
reduction up to 32-fold less in biofilm eradication concentration. Importantly, our PA-
loaded nanoemulsions demonstrated compatibility with mammalian cells. Overall, these
findings indicate that SMA-carrier combinations offer a promising strategy to effectively
target biofilms and combat multidrug-resistant infections.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12081240/s1, Figure S1: Dynamic Light Scattering
Histogram of PA-BNE as of Intensity (percent); Figure S2: Minimum biofilm bactericidal concentra-
tions (MBBC) of BNEs, PA2, and PA-BNE against B. subtilis biofilms represented as a heatmap after
overnight treatment. Figure S3. Bacterial viability of MRSA (IDRL-6169) biofilms after the treatment
with materials and vancomycin control.
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Abstract: In the escalating battle against antimicrobial resistance, there is an urgent need to discover
and investigate new antibiotic strategies. Bacteriophages are untapped reservoirs of such potential
antimicrobials. This study focused on Hypothetical Proteins of Unknown Function (HPUFs) from
a Staphylococcus phage Stab21. We examined its HPUFs for bactericidal activity against E. coli
using a Next Generation Sequencing (NGS)-based approach. Among the 96 HPUFs examined,
5 demonstrated cross-species toxicity towards E. coli, suggesting the presence of shared molecular
targets between E. coli and S. aureus. One toxic antibacterial HPUF (toxHPUF) was found to share
homology with a homing endonuclease. The implications of these findings are profound, particularly
given the potential broad applicability of these bactericidal agents. This study confirms the efficacy
of NGS in streamlining the screening process of toxHPUFs, contributes significantly to the ongoing
exploration of phage biology, and offers promises in the search for potent antimicrobial agents.

Keywords: bacteriophages; Hypothetical Proteins of Unknown Function (HPUFs); antimicrobial
resistance; Staphylococcus aureus; cross-species toxicity

1. Introduction

Antimicrobial resistance is one of the most pressing challenges facing modern medicine.
However, the rate of discovery and introduction of new classes of antibiotics has slowed
drastically over the decades, with only two introduced to the market since 1962 [1]. The
need for new antibiotic classes is only increasing as the potential for analogue development
from existing classes is depleted. Pathogens that exhibit alarming resistance against current
antimicrobial treatments are given the acronym of ESKAPE, including Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species [2]. Among them, methicillin and vancomycin-resistant Staphylo-
coccus aureus (MRSA /VRSA) are placed in the high-priority category by the World Health
Organization to accelerate the development of new antimicrobial compounds for treating
multi-drug-resistant S. aureus [3]. MRSA is usually acquired within a hospital environment
and can cause various severe opportunistic infections and diseases [4]. Vancomycin has
long been regarded as a drug of last resort for MRSA treatment. Unfortunately, the emerg-
ing VRSA jeopardises the efficiency of clinical treatments and leads to a significant increase
in staphylococcal bacteraemia mortality [5].

Bacteriophages, especially lytic phages, are viruses that infect, propagate, and destroy
bacteria. Throughout evolution, phages continuously adapt to confront their bacterial
hosts for their own survival. This intertwined relationship endows the phages with highly
specific mechanisms to reprogram bacterial cell metabolism. Phage-inspired antibacterial
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target discovery is another ascending approach to harnessing the antimicrobial activity of
phages [6]. Identifying novel bacterial targets through phage research could help screen
and design new small molecular compounds that replicate the growth-inhibitory effects
of the antibacterial phage proteins. Intriguingly, a substantial proportion of phage gene
products have completely unknown functions since they have not been characterized and
have sequences that do not correspond with any proteins of known function. Screening
hypothetical proteins of unknown function (HPUFs) from bacteriophages for toxic activity
against bacteria may provide new and potentially life-saving approaches to combat bacterial
infections [7,8]. An earlier extensive study on mining 26 S. aureus phage genomes revealed
that 31 polypeptide families showed toxicity towards the bacterial host, including ORF104
from phage 77 [5]. The gene product of ORF104 interacted with bacterial essential protein
Dnal, disrupting DNA synthesis and cell growth. The research team then used the protein
pair to screen for small molecular inhibitors, and identified 36 of them interrupting the
ORF104-Dnal interaction and 11 that were directly toxic against S. aureus [5].

Stab21 is a lytic Staphylococcus phage recently discovered by Oduor et al. [9]. The
phage is taxonomically classified to the Kayvirus genus of the Twortvirinae subfamily in
the Herelleviridae family (accession number LR215719, [9]). Stab21 has a wide host range
and possesses no genes associated with antibiotic resistance or virulence [9]; therefore,
it is a good candidate for therapeutical applications. Of all 238 predicted genes in the
Stab21 genome, 203 were preliminarily annotated to encode HPUFs. Many lytic phages
could possess genes encoding proteins that directly or indirectly mediate the destruction
of their host bacterial cells [10]. Hence, among the HPUFs of Stab21, there is a great
potential for the discovery of bactericidal proteins that alter bacterial pathways in an
unprecedented manner.

The use of a next-generation sequencing (NGS)-based screening approach to screen
for phage-encoded toxic proteins is shown to be as reliable as the alternative plating-
based toxicity screening method. An earlier direct comparison was performed during the
development of the NGS method, where it was concluded that the NGS-based assay not
only provides similar screening results as the plating-based assays, but is also superior in
efficiency, accuracy, and reliability [11,12].

In the study presented here, we investigated all hypothetical proteins and selected 96
true HPUFs for their bactericidal activity in E. coli using the NGS-based approach. We con-
firmed their bactericidal activities in E. coli and their potential anti-S. aureus abilities using
various inducible expression systems. Five of the Stab21 gene products were shown to have
cross-species toxicity towards E. coli. Through detailed in silico functional and structural
analyses, we found that Gp024 shares high structural homology with a homing endonucle-
ase. Our work not only underscores the potential of Stab21 HPUFs as antimicrobial agents,
but also reinforces the efficacy of NGS in identifying these potential assets.

2. Results

The preliminary annotation of the Stab21 genome, based mainly on the Basic Local
Alignment Search Tool (BlastP), identified 203 HPUFs [9]. This number was refined to
96 HPUFs after a more detailed examination through HHPred [13] searches and the iden-
tification of phage-particle-associated proteins by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis [14].

2.1. Potential Toxicity of Stab21 Gene Products

The bactericidal potential of the 96 selected HPUF genes of Stab21 was investigated
using the NGS approach [11]. The sum of four ligation joint sequences for each gene was
calculated and used as its total read coverage. The relative number of joint sequence reads
was calculated for all 96 genes by dividing the total read coverage of a single gene by the
total number of joint sequence reads for all genes in the pool and expressed as a percentage
(Table S1).
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This method identified 16 gene products with toxic potential characterized by ratios
under 0.5. Genes g062c, 3085, and g081c exhibited the three lowest ratios. Additional 31
HPUF-encoded gene products with ratios between 1.0 and 0.5 were identified as potentially
mildly toxic (Figure 1), while the remaining 42 genes with ratios above 1.0 were deemed
non-toxic (Figure S1).
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Figure 1. Results from the toxicity analysis using an NGS-approach of Stab21 phage HPUFs fea-
turing ordered ratios of relative joint sequence reads for all 16 potentially toxic (orange bars) and
31 potentially mildly toxic genes (yellow bars). Non-toxic genes are elaborated in Figure S1.

Genes g002 and g018, which had no detected ligation joint reads in the plasmid
mixture, could not be conclusively evaluated. It is possible that the gene fragments were
not successfully digested by restriction enzymes, leading to the absence of a suitable
restriction site for ligation to the vector.

Ratios of relative reads for all the analysed HPUFs ranged between 0.0002 (for g062c)
and 8.5133 (for g196). The complete results, including exact ratios and relative vector gene
joint reads in both ligation mixtures and transformant plasmids, are listed in Table S1.

2.2. Five Stab21 Genes Products Inhibit the Growth of E. coli

A subsequent screening of the effect of toxHPUF candidates on E. coli DH5x was
conducted via a drop test after cloning the candidate genes into the expression vector
pBAD33. Arabinose-induced expression of the Stab21 HPUFs resulted in significant E. coli
growth inhibition by 9 of the initially identified 16 genes, although with varying toxicity
levels (Figure 2). Particularly, the gene products Gp081lc, Gp159, Gp175, Gp209, Gp212,
and Gp213 strongly suppressed the E. coli growth. Additionally, Gp172 seemed to diminish
the overall viability of E. coli, as fewer colonies formed even in the presence of glucose
compared to other nontoxic gene products. Gene products Gp024 and Gp187, on the other
hand, only demonstrated mild toxicity to the host.

Employing a more stringent induction expression system with an anhydrotetracycline-
inducible promoter [15], we followed the growth curves of the E. coli strains carrying these
recombinant genes on the pRAB11N plasmids.

The drop test indicated that nearly all nine candidates displayed varying toxicity levels
under inducing conditions of anhydrotetracycline (ATc) 0.4 uM (Figure S2). However,
growth curve analysis offered a more reliable interpretation, ruling out false positives
caused by mutagenesis from overnight incubation. As shown in Figure 3, after inducing
the Stab21 HPUF genes with AT, five genes significantly impeded the growth of E. coli,
specifically genes g024, g081c, g172, g187 and g213. Yet, after six hours, resistant mutants
began to appear and resume the growth.
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Figure 2. Initial drop test results of E. coli DH5x/pBAD33-HPUFs under repression (0.2% glucose)
and induction (2% arabinose) conditions. Cell density from 107! to 1078 dilutions is indicated

with wedge.
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Figure 3. Growth curves of E. coli DH10B/pRAB11N-HPUFs for toxicity screening. (a) Toxicity screen-
ing without anhydrotetracycline (ATc) induction. (b) Toxicity screening with ATc 0.4 uM induction.
Error bars show + standard deviation calculated using triplicate results. OD, optical density.

2.3. Stab21 Gp081c Might Also Inhibit the Growth of S. aureus

The toxicity of Stab21 HPUFs on S. aureus was investigated via a drop test. Initially,
chloramphenicol (Cm) was used to preserve the pRAB11N-HPUF plasmids in S. aureus.
However, using both Cm and ATc seemed to be toxic to the host S. aureus strains, as the
combination of Cm30 (30 pg/mL chloramphenicol) and ATc 0.4 uM inhibited even the
growth of RN4220/pRAB11N. Similar inhibitory effect was also observed when using
lower Cm concentration (Figure S3). Decreasing the ATc concentration, on the other hand,
did not seem to be sufficient for the HPUF expression (Figure S4). Therefore, we decided
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to leave Cm out, and used only the ATc inducer. Under these conditions, upon induction,
Gp024, Gp081c, Gp175, Gp187, Gp209, Gp212 and Gp213 showed toxicity (Figure 4).
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Figure 4. S. aureus RN4220/pRAB11N-HPUFs toxicity drop test under non-induced and induced
conditions (ATc 0.4 uM). ATc, anhydrotetracycline. Cell density from 10~ to 108 dilutions is
indicated with wedge.

We also obtained growth curves for all strains under both ATc-induced and non-
induced conditions in liquid cultures. In S. aureus RN4220, no HPUFs had a significant
toxic effect when induced, but the known toxic gene product of ORF104 [7] did exhibit
toxicity, even under the non-induced condition (Figure 5a). Gene products of g081c slightly
delayed the S. aureus growth; however, the growth pace swiftly recovered due to the
emergence of rescue mutants (Figure 5b).
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Figure 5. Growth curves of S. aureus RN4220 pRAB11N-HPUF. (a) Toxicity screening without ATc
0.4 uM induction. (b) Toxicity screening with ATc induction. Error bars show =+ standard deviation
calculated using triplicate results. OD, optical density.

2.4. Non-Inducing Mutation of 172 and g187 Tolerant Clones Located in tetR of pPRAB1IN

Upon induction, five gene products, Gp024, Gp08lc, Gp172, Gp187, and Gp213,
showed toxicity towards E. coli. However, after 6 h, the growth of toxin-tolerant mutants
was observed from all recombinant strains. We suspected that the tolerant phenotype may
have resulted from mutations in the plasmid DNA by inactivating the toxin, or in the E.

81



Antibiotics 2023, 12,1213

coli genomic DNA, potentially providing a clue of the identity of the target for the toxin.
Therefore, to study this, we cultivated E. coli DH10B/pRAB11N-toxHPUFs in the presence
of ATc for 16 h to allow the emergence of toxin-tolerant mutants. The presence of plasmids
was examined by polymerase chain reaction (PCR). The plasmid was only detected in
tolerant clones (denoted with *-T” suffix) recovered from DH10B/pRAB11N-¢172-T and
DH10B/pRAB11N-¢187-T (Figure S5). Subsequent isolation and sequencing over the HPUF
gene insertion of the plasmids pRAB11N-¢172-T and pRAB11N-g187-T revealed that the
inserts were 100% identical to the original toxic HPUF gene sequences. This indicated that
no mutations in the toxHPUF genes could explain the tolerant phenotype.

Given this result, we re-evaluated the toxicity of Gp172 and Gp187 in the toxin-
sensitive strains DH10B/pRAB11N-¢172 and DH10B/pRAB11N-¢187 and in the toxin-
tolerant mutant strains DH10B/pRAB11N-¢172-T and DH10B/pRAB11N-g187-T. Growth
curves confirmed that upon ATc-induction the toxin-sensitive strains were inhibited up to
6 hr, and that the toxin-tolerant mutants remained non-toxic (Figure S6).

To identify the genomic mutation behind the toxin tolerance, the genomes of DH10B/
pRAB11N-¢172, -¢187, -g172-T, and -¢g187-T were sequenced and subjected to de novo
assembly. The obtained contigs were then compared to both the host genomic and the
plasmid sequences. While the genomic sequence contigs of the four E. coli strains were
100% identical to the E. coli DH10B reference sequence (GenBank accession no. NC_010473),
the plasmid sequences of DH10B/pRAB11N-¢172-T and -¢187-T carried both a single
nucleotide mutation when aligned with the plasmid pRAB11N-¢772 and -g187 sequences.
Specifically, an A to C mutation was present at position 3654 in pRAB11N-g172-T, and a G
to T mutation at position 3747 in pRAB11N-¢187-T. Both mutations map into the tetR gene,
causing Leu-113-Arg and Asp-82-Lys substitutions, respectively (Figure S7).

2.5. Gp024 Is Homologous to a Homing Endonuclease

The Phyre2 software (Version 2.0, http:/ /www.sbg.bio.ic.ac.uk/~phyre2, accessed
on 26 June 2023) was used to predict the functions of toxHPUFs Gp024, Gp081lc, Gp172,
Gp187, and Gp213. In Phyre2, a reliable model typically has an input and template
sequence identity of over 30% and a confidence level of more than 90% [16]. Eighty
residues (37% sequence coverage) of Gp024 were modelled with a 98.0% confidence to the
C-terminus of Bacillus phage SPO1 homing endonuclease I-Hmul chain M (Protein Data
Bank (PDB): c1u3eM). For g081c, a confidence of 85.5% was observed for 53 residues (a
48% sequence coverage), which matched to the Saccharomyces cerevisine monopolin complex
protein subunit CSM1. However, Gp172, Gp187, and Gp213 yielded models with low
confidence scores, below 51%.

The HHpred [13] software was also used to predict functions of the same toxHPUFs
by searching each toxHPUF against PDB mmcif70. In the HHpred analysis, a higher score
value signifies a better sequence alignment quality and similarity. An expected value
(E-value) close to zero indicates a strong identity by estimating the number of similar
score hits that could occur randomly. Probability values further underscore the statistical
significance of sequence and hit homology [17]. The best hit for Gp024 was also Bacillus
phage SPO1 homing endonuclease I-Hmul (PDB: 1U3E) with a probability of 98.18%, a
score of 42.4 and an E-value of 0.023. The Gp081c top model was Enterobacter phage 22 tail
needle protein Gp26 with a probability of 95.31%, a score of 37.3 and an E-value of 0.21.
The top model of Gp187 was Homo sapiens zinc finger protein SNA1 with a probability of
99.11%, a score of 75.52 and an E-value of 9.2~ 1. The homologous models of Gp172 and
Gp213 resulted in low probability and E-values.

Finally, we employed AlphaFold2 [18] to predict the structure of the five toxHPUFs
(Figure S8). PyMOL was used to superimpose the functional models from Phyre2 and
HHpred with the structural models of AlphaFold2. The root mean square deviation
(RMSD) score measures the structural overlap between the two input models using the
distance between aligned «-carbon atoms, with a score below 2.5 A considered as an
acceptable alignment [19]. When superimposing the truncated Bacillus phage SPO1 homing
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endonuclease I-Hmul (clu3eM) obtained from the best Phyre2 model with the Gp024
AlphaFold2 model, the RMSD score was 1.581 A between 138 atoms of the two proteins.
Two C-terminal «-helixes from both proteins were found overlapping with each other
(Figure 6a). When superimposing the best homologous model of I-Hmul (1U3E) from
HHpred analyses with the predicted structure of Gp024, the RMSD score was 2.217 A when
aligning 181 atoms. The N-terminal DNA-binding surface of I-Hmul loosely overlapped
with the N-terminus of Gp024 by two (3-sheets and one «-helix (Figure 6b). Alignment
of Gp081c with both Phyre2 and HHpred functional models resulted in RMSD scores of
over 8 A (Figure S9). The predicted structure obtained from AlphaFold2 for Gp187 was
composed only of two 3-sheets and so was omitted from further analysis.

Figure 6. Structural and functional modelling of toxHPUFs Gp024 AlphaFold2 structural model
(rainbow, N-terminus in blue, C-terminus in red) superimposed with Bacillus phage SPOlhoming
endonuclease I-Hmul (grey). (a) The model with the highest confidence from Phyre2. (b) The best
model from HHpred, DNA structure is in pink.

3. Discussion

The escalating prevalence of antibiotic resistance in critical pathogens such as S.
aureus demands the discovery of novel antimicrobial molecules [20]. Phages, with their
unique genetic diversity, present a promising reservoir of potential antimicrobials, yet the
majority of their genomes remain uncharacterized. Current phage research identifies a
range of bacteriotoxic molecules such as endolysins and polysaccharide depolymerases
that could potentially be harnessed against antibiotic resistant bacterial infections [21-23].
Given the wide genomic variation even among phages infecting the same host, there
is significant potential for the discovery of new antimicrobial mechanisms and targets
from the multitude of gene products currently deemed HPUF [24]. Such discoveries may
yield innovative antibiotic treatments capable of countering the ever-increasing threat of
antimicrobial resistance [6].

In this study, we employed an NGS-based screening assay to identify toxic proteins
encoded by Staphylococcal phage Stab21. The HPUFs of Stab21 were screened for bacteri-
otoxic effects against E. coli and their bactericidal activities were confirmed in both E. coli
and S. aureus. Our findings revealed that five gene products were toxic to E. coli DH10B
using arabinose- and anhydrotetracycline-induced expression vectors. Crucially, this study
verified that the application of this high-throughput NGS-based screening process in E. coli
is not limited to examining HPUFs from only phages infecting Gram-negative bacteria.

Our study employed an already established protocol for NGS-based screening in
E. coli [11,12], recognizing the value of this model organism in providing insights into
cellular mechanisms that transcend species boundaries [25]. By adopting this protocol,
we anticipate a rapid determination of any bacteriotoxic activity of HPUFs in both Gram-
negative and Gram-positive strains.

In this context, we constructed the pCU1LK vector which contains the backbone of
the E. coli-S. aureus shuttle vector pCU1 [26] that can accommodate up to 6 kb fragments
cloned under the lac promoter. As the size of the inserted linker sequence was only 45 bp in
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pCUI1LK, it should also allow cloning up to 6 kb fragments without problems to replicate
freely in both hosts.

However, as the lac promoter is notoriously known as leaky, we selected another
tighter expression vector pRAB11 with two fet operator tetO sites [27] to verify the toxicity
of HPUFs. Nevertheless, we observed an unexpected growth inhibition of S. aureus strain
RN4220/pRAB11N in the presence of ATc on solid media (Figures S3 and S4). This effect
was not noticed in E. coli DH10B/pRAB11IN. We do not have a clear explanation for this
phenomenon. Despite the expectation that ATc should induce the gene expression at lower
concentrations and with less toxicity than its parent antibiotic, tetracycline (Tc) [28], aged
Alc has been found to generate toxic breakdown products that can interfere with S. aureus
growth [29]. It is possible that these breakdown products are less effective on E. coli than
on S. aureus, as observed in our study:.

Though our study did not identify any toxHPUFs towards S. aureus among the nine E.
coli -toxic candidates, further examination should be carried out for the remaining 87 HPUFs
of Stab21, which were regarded as non-toxic to E. coli. That could involve pooling pCU1LK-
HPUFs or pRAB11N-HPUFs ligation mixtures and subsequently screening successful
transformants for toxicity-presenting an alternative to the NGS-based screening method.
Alternatively, an arsenite-inducible plasmid, pT0021, which has been previously employed
effectively to screen for toxHPUFs in S. aureus [7], could serve as another viable option for
this investigation.

Furthermore, for future screening of HPUFs from various phages derived from dif-
ferent bacteria, the NGS screening technique presented in our study can be fine-tuned
depending on the bacterial host by applying different inducible plasmid vectors such as
the Tn7-based integration vector pTNS2 [30] for Pseudomonas aeruginosa, or vectors derived
from the IncQ plasmid for Acinetobacter baumannii [31].

Among the structural studies of the top five identified toxic HPUFs, only Gp024
yielded a reliable protein model, aligning with the Bacillus phage SPO1 homing endonu-
clease I-Hmul. Although the predicted structure of Gp024 resembles different domains in
HHpred and Phyre2, its function as a homing endonuclease cannot be completely ignored.
Previous studies have identified phage HPUFs as homologs to homing endonucleases. A
noteworthy example is found in the extensively researched Escherichia phage T4, which
houses 15 homing endonuclease encoding genes, showing the evolutionary link between
these proteins and phage biology [32]. Adding to the intrigue is the existence of colicins,
DNases produced by E. coli that demonstrate toxicity against other E. coli strains. These
colicins belong to the same H-N-H family of endonucleases [33] as the suspected homing
endonuclease Gp024 of Stab21. The analogous functions and structural similarity of these
proteins could suggest that Gp024 could exhibit characteristics of homing endonucleases
like colicins. However, further experiments such as single-site mutations and DNA nicking
assays are needed to confirm its role as a homing endonuclease.

Our findings that five HPUFs from Stab21 exhibit cross-species toxicity towards E. coli
have profound implications. It is possible that these HPUFs share a conserved molecular
target in both E. coli and S. aureus, significantly broadening the potential applicability
of these bactericidal agents. In conclusion, our research opens a promising avenue for
the discovery of novel, potent antimicrobial agents, providing hope in the fight against
growing antimicrobial resistance.

4. Materials and Methods
4.1. Bacterial Strains, Plasmids, Phage and Culture Conditions

All bacterial strains and plasmids used for experimentation are listed in Table 1 and
Table S2. Commercial electrocompetent Escherichia coli DH10B cells (Thermo Fischer Scien-
tific, Waltham, MA, USA), in-house prepared electrocompetent E. coli DH5a and in-house
prepared electrocompetent Staphylococcus aureus RN4220 were used as expression hosts.
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Table 1. Bacterial strains, phage and plasmids used in this study.

Name Usage Source
Bacteriophage; the genome was used as a template for
Stab21 HPUF amplification [14]
. . . Themo Fischer Scientific. GenBank
E. coli DH10B HPUF cloning and NGS-based screening accession no. NC_010473
E. coli DH5a HPUF cloning and screening with pBAD33 GenBank accession no. CP026085.1

S. aureus RN4220
S. aureus Newman

HPUF cloning and screening with pRAB11N
ORF104 gene fragment isolation

GenBank accession no. CP076105.1
GenBank accession no. NZ_CP087593.1
[26] Kindly provided by Dr. Pentti

pCU1 Template for pCU1LK construction
Kuusela
pCUILK pCU1 containing multiple cloning sites between Kpnl- Pstl ~ This study
pBAD33 HPUF expression under arabinose-inducible promoter [15]
PRMC2 Template for pPRAB11 construction by insertion of second tet [34]
operator

RABIIN E. coli/S. aureus shuttle vector with tetracycline-inducible [27] Re-constructed in this study.

p promoter for Stab21 HPUF expression GenBank accession no. JN635500

E. coli DH5a, DH10B and their derivatives were grown in Lysogeny broth (LB; 10 g/L
Tryptone (Neogen, Lansing, MI, USA, Cat no. NCM02118A), 5 g/L Yeast Extract (Neogen,
Catno. NCMO0218A), 10 g/L NaCl) or on agar (LA, LB supplemented with 1.5% Bacto agar).
For toxicity tests, E. coli strains were grown in M9 minimal media (KH,PO4 3 g/L, 0.5 g/L
NaCl, 6.78 g/L NayHPOy, 1 g/L NH4Cl, casamino acid 0.2% (v/v), MgSO4 2 mM, CaCl,
0.1 mM, thiamine 1 mg/L) supplemented with antibiotic to maintain the plasmid, and
glucose for repression and arabinose for induction. S. aureus strains were grown in Tryptic
Soy Broth (TSB; VWR Chemicals, Radnor, PA, USA, Cat. No. 470015-844) or on Tryptic
Soy Agar (TSA, Vegitone, Sigma-Aldrich, St. Louis, MA, USA, Cat. No. 14432) or broth
(Dehydrated TSB, VWR Chemicals). Liquid cultures were grown at 37 °C overnight with
200 RPM shaking unless stated otherwise. Solid cultures were incubated at 37 °C overnight.
To maintain the plasmids, broth or agar was supplemented with either 100 nug/mL of
ampicillin (Amp100) or 30 pg/mL of chloramphenicol (Cm30) unless stated otherwise.

4.2. DNA Manipulations

For plasmid isolations, individual colonies were obtained on a streak plate, and
1 colony was used for inoculation to obtain overnight cultures. Plasmids from E. coli
strains were extracted, purified, and precipitated with either NucleoBond™ Xtra Midi kit
and NucleoBond™ Finalizers (Machery-Nagel, Diiren, Germany) from 200 mL overnight
cultures or with the NuceloSpin Plasmid EasyPure Kit (Machery-Nagel) for 1 mL cultures,
according to manufacturers’ instructions. To isolate the plasmids from Gram-positive S.
aureus, lysostaphin lyophilized powder from Staphylococcus staphylolyticus (Merck KGaA,
Darmstadt, Germany) was added to the final concentration of 20 pg/mL and incubated for
1 h at 37 °C before using NucleoSpin Plasmid EasyPure Kit according to the manufacturer’s
manual. For the [llumina sequencing, plasmid pools were extracted with NucleoBond™
Xtra Midi kit, and eluted in a 200 pL Tris/HCI pH 8.5 elution buffer.

E. coli and S. aureus genomic DNA was isolated using the JetFlex Genomic DNA
Purification Kit (Thermo Fischer Scientific) following the bacterial gDNA isolation protocol
for Gram-negative and Gram-positive bacteria, the latter using a 20 ng/mL lysostaphin
pre-treatment. The isolated DNA was rehydrated at 22 °C for 16 h.

DNA fragments were amplified by PCR using primers listed in Table S3. Stab21 phage
DNA [14] was used as a template for amplification of HPUFs. S. aureus Newman gDNA
was used to amplify the toxic control gene ORF104. Plasmid DNA and colonies were
used as templates for confirmation of correct gene insertion. Phusion High-Fidelity DNA
Polymerase (Thermo Fischer Scientific) was used for generating DNA fragments with the
highest accuracy for cloning, while DreamTaq DNA Polymerase (Thermo Fisher Scientific)
was used for screening the presence of a certain DNA fragment either from the colony
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or from the ligation mixture. The PCRs were run in a T100™ or iCycler Thermal Cycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) following standard manufacturer protocol
for the polymerases.

All restriction enzymes used in this study were obtained from Thermo Fisher Scientific
or New England Biolabs (MA, USA). Plasmid vectors were linearised with restriction
enzymes as stated according to the manufacturer’s instructions, and dephosphorylated
with FastAP™ Thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific) at 37 °C
for 30 min followed by a 15 min heat inactivation at 65 °C.

Sticky-end ligation of double-digested individual HPUF-encoding gene fragments to
linearised and dephosphorylated pCU1LK or pRAB11N vectors was carried out at a 1:3
vector to insert molar ratio, and the total DNA concentration was adjusted to 10 ng/uL.
T4 DNA Ligase (5 U) (Thermo Fischer Scientific) was used for all the ligation reactions.
The ligation reaction was incubated at room temperature overnight (15 h) before heat
inactivation at 65 °C for 10 min.

NucleoSpin Gel and PCR Clean-up XS kit (Machery-Nagel) was used to purify and
concentrate DNA after PCRs and enzymatic reactions.

For the NGS screening assay, the Stab21 HPUF-encoding genes and pCU1LK vector
were first double digested with restriction enzymes Notl and Nhel or Kpnl FastDigest™
enzymes (Thermo Fisher Scientific) depending on the insertion fragments (Table S3) [11].
Every 16 ligation mixtures of the HPUF gene and vector pCU1LK were pooled before
concentration by kit, and an elution volume of 20 pL in Baxter Sterile Water (Baxter
Corporation, Deerfield, IL, USA) was used per pool. One microliter (ca. 200 ng) of each
ligation pool was transferred to 50 pL of E. coli DH10B cells through electroporation.
Plasmids from transformation reactions were isolated from a 3 h culture inoculated with
all colonies formed on the transformation plates. DNA samples from both the ligation
pool and the plasmid pool were sequenced with the 150 bp paired-end protocol in the
[Nlumina HiSeq platform at NovoGene Company Ltd. (Cambridge, UK) as described by
Kasurinen et al. [11].

4.3. Electroporation and Transformation

Electroporation was performed with a Gene Pulser™ apparatus (Bio-Rad Laboratories)
using 0.2 mm cuvettes. For the transformation of E. coli strains, the parameters of 200
Q) resistance, 25 mF capacitance and 2.5 kV voltage resulted in a time constant between
4.5 and 5.0 ms. Transformed E. coli cells were recovered in a 1 mL super optimal broth
(SOC; 2% Tryptone, 0.5% Yeast Extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM
MgSQO4, 20 mM glucose) and incubated at 37 °C with a 200 rpm shaking for 45 min before
being plated on LB Amp100 agar plates using 10 puL, 100 pL, and the remainder of cells
collected through centrifugation. For NGS screening, every 50 uL of the recovered cells
from each pool were spread onto LB Amp100 plates, resulting in 20 plates. The plates were
incubated at 37 °C overnight.

For the transformation of S. aureus RN4220, the parameters of the Gene Pulser electro-
porator were set with a resistance of 100 (), a capacitance of 25 uF, and a voltage of 2.3 kV
resulting in a time constant between 2.0 and 2.4 ms. Transformed S. aureus were recovered
in a 850 uL TSB and a 150 puL 2 M sucrose and incubated at 37 °C with a 200 rpm shaking
for 90 min. The same plating scheme and incubation conditions were used as those for E.
coli electroporation.

4.4. Construction of Vectors pCU1LK and pRAB1IN

To construct a vector suitable for screening the toxicity of all the 96 HPUFs in E. coli,
we added a linker to the pCU1 plasmid. The Kpnl-Pstl linker containing restriction sites for
BamHI, Xbal, Nhel, Ncol, and Notl was constructed by annealing oligonucleotides NOTup
and NOTdown (Table S3) with a final concentration of 50 uM in a 20 uL linker solution
(50 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM EDTA). The reaction mixture was incubated
at 95 °C for 2 min, followed by 10 min at 52 °C. The annealed linker was phosphorylated
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with T4 polynucleotide kinase (T4 PNK, Thermo Fisher Scientific) before ligation to gel-
purified pCU1 linearised with Kpnl and Pstl digestions. The resultant vector pCU1LK was
used for the preliminary screening of the toxicity of all HPUFs in E. coli.

The E. coli=S. aureus shuttle vector pPRAB11N was re-constructed to make an exact copy
of the plasmid pRAB11, which could no longer be obtained from any source. The plasmid
PRMC2 [34] was used as a template in plasmid-PCR using pRAB-fw and pRAB-rev as
primers (Table S3). This PCR added a second tet operator to the tetR promoter region. A
30 uL aliquot of the obtained PCR product was digested with a 50 U Dpnl (New England
BioLabs, cat. no. R0176) in a reaction volume of 50 pL to eliminate the pRMC2 template
before ligation. One of the confirmed transformants was named pRAB11N, and it was used
as a shuttle expression vector in both E. coli and S. aureus.

The correctness of the obtained plasmid vectors was confirmed by Sanger sequencing
at the Finnish Institute for Molecular Medicine (FIMM) Genomics Sequencing (Biomedicum,
Tukholmankatu 8, Helsinki, Finland) using primers Puc19-F and Puc19-R for pCU1LK, and
fR-346 for pRAB11IN. Primers used in this study are listed in Table S3.

4.5. Bioinformatics

The NGS-based toxicity screening of HPUF encoding genes was carried out using
the protocol described previously [11]. The DNA samples used for NGS are described in
Section 2.3. For each pool of 16 HPUFs, the reads containing the four expected ligation joint
sequences (VGE, GVFE, VGR, and GVR, Figure 7, and Table S1) were identified and extracted
from both the pooled ligation mixture DNA and the pooled plasmid DNA samples using
the script and workflow described earlier [11]. The total number of the four ligation joint
sequences for each HPUF-encoding gene was calculated and used to represent their total
read coverage (N joint reads, Formula (1)). The relative number of joint sequence reads
was calculated for all genes in the pools by dividing the total read coverage of a single
gene by the total number of joint sequence reads for all genes in the pool and expressed as
a percentage (relative gene percentage, Formula (1)). As described by Kasurinen et al., a
low ratio (Formula (2)) between the relative joint sequence reads of individual genes from
plasmid pools and those from the corresponding ligation mixture indicates the presence of
toxHPUF gene, owing to the elimination of transformants carrying a toxic gene [11].

N joint-reads of single gene

N joint-reads of all genes in pool x 100%, 1

Relative gene percentage =

Ratio — Relative gene percentage from pooled plasmid DNA

Relative gene percentage from ligation mixtures @

On the contrary, a ratio close to 1 or above indicates a non-toxic gene, reflecting the

successful replication of the recombinant plasmid. In theory, a HPUF could be considered as

bactericidal if this ratio is less than 1. In our study presented here, gene products exhibiting

ratios between 0.5 and 1.0 were considered potentially mildly toxic, while those with a
ratio under 0.5 were potentially bactericidal.

4.6. Toxicity Confirmation

The toxicity of the potentially toxic HPUFs towards host bacteria was primarily tested
using a drop test on agar plates. Potentially toxic HPUFs genes were cloned either into the
pBAD33 vector under an arabinose-inducible promoter (using the Kpnl-Xbal restriction
sites) or pPRAB11N under an ATc-inducible promoter (using the Bglll-Kpnl sites). The
correct gene insertions were confirmed by colony PCR using primers pBADF and pBADRev
for pPBAD33 constructions and pRAB11-F and fR-346 for pRABI11N constructions. The
resultant PCR products were further analysed and identified by Sanger sequencing.
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Figure 7. Illustration of the four ligation joint sequences used in the determination of sequence
read coverage for each of the screened HPUFs (V, vector; G, gene fragment; F, forward; R, reverse).
Adapted with permission from Nyhamar 2022 [12], University of Helsinki.

Subsequently, E. coli or S. aureus transformants carrying the desired recombinant
plasmids (Table S2) were grown on suitable agar plates to obtain single colonies. Three
isolated colonies containing the recombinant vector and positive-control colonies were
resuspended and diluted to optical density at 600 nm (ODg) 0.2 with sterile phosphate-
buffered saline (PBS) pH 7.4. Five microliters of the serial dilutions from 1071 to 1078 of
each culture were spotted onto both induced and non-induced LA or TSA plates and let
dry before incubation at 37 °C overnight. Varying inducing and non-inducing conditions
of the plates are listed in Table S4.

To confirm toxicity of the HPUFs and visualise the time-specific impact of toxHPUFs,
the growth curves of the strains carrying the pPRAB11N-HPUF plasmids were determined
with and without induction. Three colonies of each strain were inoculated in a 1 mL TSB
supplemented with Amp100 for E. coli, and TSB supplemented with Cm30 for S. aureus and
incubated at 37 °C overnight with a 200 RPM shaking. Cells were resuspended and washed
with an equal volume of TSB, and ODg(y was measured. The washed cells were used as a
starting inoculum after resuspending to an ODg of 0.01 into fresh TSB, with and without
the inducer (ATc 0.4 uM). The bacteria were grown in Bioscreen Honeycomb plates (Oy
Growth Curves Ab Ltd., Helsinki, Finland) in triplicate. The ODg(y was measured using
the Bioscreen C MBR (Oy Growth Curves Ab Ltd., Helsinki, Finland) every 30 min for 16 h
with settings of continuous shaking, high amplitude, and normal speed. The shaking was
stopped 10 s before each ODgpp measurement. The mean values and standard deviations
were calculated using triplicate data points.

4.7. Genomic DNA Sequencing

Bacterial gDNA isolated from E. coli DH10B/pRAB11N-HPUF clones was sequenced
at Novogene Company Ltd. Contigs were assembled using BV-BRC (https://www.bv-
brc.org/app/Assembly2, accessed on 26 June 2023), and a nucleotide BLAST (Basic Local
Alignment Search Tool, version 2.14.0, https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 26 June 2023) search was used to align the sequence assemblies with the individual
pRAB11IN-HPUF and E. coli DH10B genome sequences. Protein BLAST was used to align
sequences to known proteins.

4.8. Structural and Functional Analysis of Toxic Proteins

Phyre2, HHpred, and AlphaFold2 were used to predict the functions and structures of
the toxic hypothetical proteins. Comparisons were made between the sequence identities
of the proteins and known protein structures, with cut-offs of 30% identity and confidence
levels over 90% for Phyre2 and similar parameters for HHpred. Functional and struc-
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tural protein database files were superimposed using the molecular visualisation system
PyMOL utilising the ‘super” function (The PyMOL Molecular Graphics System, version
2.5, Schrodinger, LCC). RMSD scores were calculated using PyMOL to measure structural
alignment and overlap of the predicted protein structures.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antibiotics12071213 /s1, Figure S1: Relative joint sequence reads
ratios for non-toxic genes from Stab21 phage; Figure S2: Toxicity drop test of E. coli DH10B/pRAB11N-
HPUFs; Figure S3: Toxicity drop test of S. aureus RN4220/pRAB11N-HPUFs on various concentrations
of antibiotic; Figure S4: Toxicity drop test of S. aureus RN4220/pRAB11N-HPUFs on different
concentrations of inducer; Figure S5: Gel electrophoresis of E. coli DH10B/pRAB11N-toxHPUFs ATc
tolerant mutant colony PCR products; Figure S6: ATc sensitive and tolerant E. coli DH10B/pRAB11N-
toxHPUF toxicity screening; Figure S7: TetR sequence alignment of ATc sensitive pPRAB11N-g172,
8187 and ATc tolerant pRAB11N-¢172-T, ¢187-T; Figure S8: Predicted structures of the top 5 toxHHPUFs;
Figure S9: Superimposition of Gp081c with Phyre2 and HHPred functional models of Enterobacter
phage 22 tail needle protein Gp26; Table S1: Details of the NGS assay; Table S2: Recombinant strains
used in this project; Table S3: Primers and oligonucleotides used in this study; Table S4: Gene
inducing and non-inducing pair conditions tested for E. coli and S. aureus toxicity drop test using
recombinant strains.
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Abstract: In recent years, bacterial pathogens have developed resistance to antimicrobial agents that
have created a global threat to human health and environment. As a novel approach to combating
antimicrobial resistance (AMR), targeting bacteria’s virulent traits that can be explained by quorum
sensing (QS) is considered to be one of the most promising approaches. In the present study,
biologically synthesized silver nanoparticles derived from Lactobacillus rhamnosus (AgNPs-LR) were
tested against three Gram-negative bacteria to determine whether they inhibited the formation of
biofilms and triggered the virulence factors controlled by QS. In C. violaceum and S. marcescens, a
remarkable inhibition (>70%) of QS-mediated violacein and prodigiosin production was recorded,
respectively. A dose-dependent decrease in virulence factors of P. aeruginosa (pyocyanin, pyoverdine,
LasA protease, LasB elastase and rhamnolipid production) was also observed with AgNPs-LR.
The biofilm development was reduced by 72.56%, 61.70%, and 64.66% at highest sub-MIC for
C. violaceum, S. marcescens and P. aeruginosa, respectively. Observations on glass surfaces have shown
remarkable reductions in biofilm formation, with less aggregation of bacteria and a reduced amount
of extra polymeric materials being formed from the bacteria. Moreover, swimming motility and
exopolysaccharides (EPS) was also found to reduce in the presence of AgNPs-LR. Therefore, these
results clearly demonstrate that AgNPs-LR is highly effective in inhibiting the development of
biofilms and the QS-mediated virulent traits of Gram-negative bacteria. In the future, AgNPs-LR
may be used as an alternative to conventional antibiotics for the treatment of bacterial infections after
careful evaluation in animal models, especially for the development of topical antimicrobial agents.

Keywords: quorum sensing; biofilms; Lactobacillus rhamnosus; Chromobacterium violaceum; Serratia
marcescens; green antimicrobial agent

1. Introduction

As a global public health issue, antimicrobial resistance (AMR) is a growing problem
that occurs when microorganisms such as bacteria, viruses, fungi, and parasites become
resistant to antimicrobial drugs that have previously served as effective treatments for
infections [1,2]. When bacteria become resistant to antibiotics, they can spread infections
which are difficult to treat, which can result in prolonged illness, disability and even death
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as a result [3,4]. Multi-drug resistance (MDR) is a form of AMR in which microorganisms
become resistant to multiple drugs, making it more difficult to treat infections [5]. This
can happen when antibiotics are overused or misused, as well as when there is poor
infection prevention and control in healthcare settings [6]. The current problem of AMR
and MDR poses a serious problem to global health [7]. According to the World Health
Organization (WHO), by 2050 if no action will be taken against drug-resistant infection, the
number of deaths will rise to 10 million annually [8]. AMR and MDR also have significant
economic impacts. A drug-resistant infection costs more to treat than a non-resistant
infection due to the need for more expensive drugs and longer hospital stays [5]. AMR
also affects agricultural productivity as it can lead to the loss of livestock and crops [9].
Efforts to address AMR and MDR require a multi-sectoral approach, including reducing
unnecessary antibiotic use, improving prevention of infection and measures of prevention,
developing new antimicrobial drugs and diagnostic tools, and promoting global cooperation
and coordination [10-12].

As a strategy to combat the AMR epidemic, anti-infective drugs should be designed,
which can target quorum sensing (QS)-regulated virulence factors and biofilm forma-
tion [13]. Quorum sensing is a process used by bacteria to communicate with one another
through the release and detection of chemical signals called autoinducers. This process per-
mits bacteria to coordinate their behaviour and synchronize their gene expression against
the changed environmental conditions [14]. Biofilms are communities of microorganisms
embedded in a protective extracellular matrix that adhere to surfaces. QS has a key role
in the formation and maintenance of these communities. The eradication of biofilms is
extremely difficult and they contribute to the development of antimicrobial resistance by
providing a protective environment for bacteria to grow and exchange genetic material,
including antibiotic resistance genes [15]. Quorum sensing inhibitors (QSIs) are compounds
that can disrupt the communication process between bacteria and prevent the formation
of biofilms and reducing the spread of bacterial infections. QSIs have shown promise
as a potential strategy to inhibit AMR by reducing resistance to antibiotics in biofilms.
Additionally, by preventing the formation of biofilms, QSIs can make bacteria more sus-
ceptible to antibiotic treatment, lowering the likelihood of the development of resistance.
Several natural and synthetic QSIs have been identified and research is ongoing to develop
more effective QSIs and explore their potential clinical applications [16,17]. However, in
this regard it is imperative to note that QSIs alone are unlikely to be a promising one for
addressing AMR and that a comprehensive approach that includes reducing unnecessary
antibiotic use and improving infection prevention and control measures is necessary to
combat this global public health challenge [18,19].

Recently, a lot of attention has been paid in finding ways to produce and use the nano-
materials, and the interest is growing every day. In terms of manufacturing nanoparticles,
one of the methods to be considered is the bio-approach (green) [20]. Using microorgan-
isms for synthesis of nanoparticles, for example, is referred to as nanoparticles synthesis
by biological means. Nanoparticles are produced both by living and dead microorgan-
isms, contribute greatly to nanoparticle production [21]. Material can be controlled at the
molecular level using nanotechnology. Silver nanoparticles resulted in significant attention
because of their antimicrobial properties, and these metal nanoparticles are being used in
different fields such as industrial packaging, agriculture, medicine, cosmetics, and in the
military [22]. An array of microorganisms such as E. coli, S. aureus, P. aeruginosa, B. subtilis,
V. cholera and S. typhus may be susceptible to AgNPs as antimicrobial agents [22-24]. Hence,
as an emerging method for discovering antibacterial involves using green synthesized
nanoparticles to target bacterial biofilm and QS. Utilization of silver nanoparticles as an
alternative antimicrobial agent has been suggested in previous studies and it may prove
useful as an alternative [17]. Furthermore, it has become apparent in recent years that
nanotechnology has grasped a lot of attention from scientists because of the possibility
of its application to medicine, diagnostics, agriculture, bioremediation and many other
fields [18]. Nano-scaled materials appear to exhibit better biological effects than their
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bulk counterparts because their chemical and physical properties are different at this scale,
which is mainly why the nano-scaled materials shown improved biological activity [23]. In
the future, nanotechnology is expected to have potential applications in different fields of
health care, such as for the purposes of new drugs, for drug delivery and diagnostics, and
for the creation of improved biomaterials [24].

Lactobacillus rhamnosus (L. rhamnosus) is a probiotic bacterium that has gained consid-
erable attention in the field of medicine due to its potential health benefits. As a naturally
occurring bacterium in the human gastrointestinal tract, L. rhamnosus has been extensively
studied for its various applications in promoting and supporting human health. With
its ability to positively influence the gut microbiota and modulate the immune system,
L. rhamnosus has shown promising potential in the prevention and management of several
medical conditions [25]. This strain is therefore given more importance nowadays for its
health benefits, ability to defeat intestinal pathogens, maintain intestinal flora balance, and
maintain intestinal barriers [26,27]. The strain also produced antimicrobial metabolites
that had an antagonistic effect on harmful bacteria, including E. coli [28], S. enterica [29]
and S. aureus [28]. In addition to this, several studies have also shown that L. rhamnosus
has the ability to reduce the bioavailability of mycotoxins in the gastrointestinal tract as
well [30]. Therefore, in the present study, L. rhamnosus was used in order to synthesize
silver nanoparticles (AgNPs-LR). The synthesized AgNPs-LR were investigated for their
broad-spectrum effect on inhibiting the virulence factors controlled by QS in bacterial
pathogens namely, C. violaceum, P. aeruginosa and S. marcescens in conjunction with the
suppression of biofilm development.

2. Materials and Methods
2.1. Strains of Bacteria and Growth Conditions

The strain of lactic acid bacteria (LAB), Lactobacillus rhamnosus MTCC-1423 (L. rhamno-
sus) and pathogenic Gram-negative bacterial strain C. violaceum MTCC-2656 (C. violaceum)
P. aeruginosa MTCC-741 (P. aeruginosa) and Serratia marcescens MTCC-97 (S. marcescens) were
collected from the Microbial Type Culture Collection IMTECH, Chandigarh, India). The
De Man, Rogosa and Sharpe (MRS) agar plate (HiMedia®, Mumbai, India) was used for
the growth and maintenance of L. rhamnosus, whereas, Luria-Bertani agar (LB) (HiMedia®,
Mumbai, India) was used for the bacterial pathogens. All the bacterial strains were stored
at 4 °C for further use.

2.2. Biosynthesis of Silver Nanoparticles (AgNPs) Using L. rhamnosus (AgNPs-LR)

The active culture of L. rhamnosus was added into a fresh MRS media and incubated at
37 °C for overnight. Following incubation, the grown culture was centrifuged for 10 min.
at 10,000 rpm and 4 °C to collect the culture supernatant. Then, culture supernatant (10 mL)
was mixed with 0.1 mM silver nitrate solution (90 mL) and incubated at 30 °C for 24 h
in dark condition. Observations were made of the colour change of AgNPs after 24 h of
synthesis. As part of the characterization of the AgNPs-LR, UV-Vis, FTIR and TEM analysis
were performed [31].

2.3. Characterization of AQNPs-LR
2.3.1. Ultraviolet-Vis Analysis

In order to characterize AgNPs-LR, a spectrophotometric analysis was performed as
a first step. With a resolution of 1 nm, AgNPs-LR were scanned in the range of 300 to
700 nm [31]. The UV-Vis analysis was further used to determine the size of AgNPs-LR
using Haiss equation, d = In((ASPR — A0)/L1)/L2. Where ASPR is the wavelength at which
maximum absorption occurs, A0 is the wavelength at which minimum absorption occurs at
the start of SPR, L1 and L2 are the values taken from the data fit of TEM vs. UV-Vis, whose
values are L1 = 6.53 and L2 = 0.0216 [32].
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2.3.2. FTIR Analysis

The potential interaction between the culture supernatant of L. rhamnosus and AgNO3
was examined using Fourier Transform Infrared spectroscopy (FT-IR) (Bruker®, Billerica,
MA, USA). The spectra were recorded from 500 to 4000 cm ! [33].

2.3.3. Transmission Electron Microscopy (TEM)

Additionally, TEM measurements were performed on the AgNPs-LR for determining
the size and shape. For TEM analysis, a JEM-1400 Plus, Jeol, India was used. By applying
the AgNPs-LR sample on a grid made of carbon-coated copper and water content was then
evaporated within a vacuum dryer for 1 h, TEM analysis was performed [34].

2.4. Antibacterial Activity of AGQNPs-LA

The antibacterial activity of AgNPs-LR was tested using the agar well diffusion method
against C. violaceum, S. marcescens, and P. aeruginosa [35]. A sterilized swab was used to
streak the inoculum of the bacterial culture onto a MHB agar plate. With the help of a sterile
Cork Borer, wells were punched and each well was filled with AgNPs-LR. Afterwards,
zone of inhibition was determined after 24 h of incubation at 37 °C.

2.5. Determination of Minimum Inhibitory Concentration (MIC)

In order to evaluate the antibacterial efficacy of AgNPs-LR, the standard broth dilution
assay was performed [36]. A series of two-fold dilutions of AgNPs-LR from 1698.7 ug/mL
to 0.10 ug/mL concentrations were used to determine MICs in LB broth with active bacterial
culture (108 CFU/mL, 0.5 McFarland standard). Only inoculated broth was used for the
control, which was incubated at 37 °C for 24 h. MIC is defined as the lowest concentration of
AgNPs-LR at which no visible growth can be seen in the tubes at the end of the experiment.
In order to confirm the MIC value, a visual examination of the tubes was performed before
and after incubation to determine the turbidity.

2.6. Assessment of the Quantity of Violacein Pigment in C. violaceum

Violacein production was quantitatively assessed according to standard procedure [37].
In brief, C. violaceum was grown for 18 h without and with varying sub-MIC concentrations
of AgNPs-LR at 30 °C. For the separation of the insoluble pigment (violacein) from the
bacterial cells, centrifugation of 1 mL of culture was carried out at 10,000 rpm for 5 min. To
dissolve the pigment, the cell pellet was resuspended in 1 mL of DMSO and vortexed vig-
orously for 5 min. To spin down the bacteria debris, the suspension was again centrifuged.
The UV-spectrophotometer (UV-2600, Shimadzu, Japan) at 585 nm was used for measuring
the absorbance of the supernatant.

2.7. Assessment of the Quantity of Prodigiosin Pigment in S. marcescens

The production of prodigiosin pigment was assessed using LB medium according to
the standard method [38]. The active culture of S. marcescens was added into sterile LB
medium with and without AgNPs-LR and grown at 30 °C for overnight. After incubation,
centrifugation of 2 mL of grown culture was performed for 10 min. at 10,000 rpm to
collect the cell pellet. Acidified ethanol was used to dissolve the obtained cell pellet (96 mL
ethanol + 4 mL 1 M HCI) by vigorous shaking at room temperature. After centrifuging the
sample once again to remove debris, the absorbance of the supernatant was measured at
534 nm using a spectrophotometer (UV-2600, Shimadzu, Japan).

2.8. Assessment of QS-Mediated Virulence Factors of P. aeruginosa
2.8.1. Estimation of Pyocyanin

The synthesis of pyocyanin by P. aeruginosa was evaluated in LB broth with (sub-MICs)
and without AgNPs-LR [39]. The active culture of P. aeruginosa was inoculated into a
sterile LB medium with and without AgNPs-LR and incubated for overnight at 30 °C.
To collect the culture supernatant, 5 mL of grown culture was centrifuged for 10 min. at
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10,000 rpm after incubation. Chloroform (3 mL) was then used to extract the pyocyanin
from the culture supernatant. The organic phase was collected and further extracted with
1.2 mL of 0.2 N HCI. At last, the absorbance of aqueous phase was taken at 520 nm via
spectrophotometer (UV-2600, Shimadzu, Japan).

2.8.2. Assessment of Pyoverdine

As per the standard procedure, the levels of pyoverdine were analysed via performing
the standard method [40]. The P. aeruginosa was grown overnight at 37 °C without and
with sub-MIC amounts of AgNPs-LR. A centrifugation process was performed to obtain
a supernatant that was free of cells. Then, 900 puL of 50 mM Tris-HCI (pH 7.4) was mixed
with 100 pL of culture supernatant. A multi-mode microplate reader was used to measure
the fluorescence emission signal (460 nm) of the sample.

2.8.3. Assessment of LasA Staphylolytic Assay

The P. aeruginosa culture supernatant was applied to boiled S. aureus cells to determine
LasA protease activity [41]. To collect the cell pellets from S. aureus, centrifugation of culture
was carried out at 8000 rpm for 5 min. After collecting the cell pellet, 0.02 M Tris-HCI
(pH-8.5) was added and boiled for 10 min. After that, to adjust the absorbance of 0.8 at 595
nm, it was diluted with 0.02 M Tris-HCI. In the following step, a diluted suspension of
S. aureus was added to the culture supernatants of P. aeruginosa grown with and without
AgNPs-LR (sub-MICs) (9:1). Afterwards, the absorbance was measured at 595 nm.

2.8.4. Assessment of LasB Elastinolytic Activity

The measurements of elastolytic activity were carried out using the procedure men-
tioned by Adonizio et al., (2008) [42]. The method was based on the treatment of a grown
P. aeruginosa culture with or without AgNPs-LR (sub-MICs). The supernatant was collected
and added to 900 pL of a buffer containing 20 mg of elastin congo red (100 mM Tris,
1 mM CaCl,, pH-7.5), containing 20 mg of elastin (Sigma®, Bengaluru, India). To remove
the insoluble components (elastin Congo red), centrifugation was performed after 3 h of
incubation at 37 °C. The absorbance of supernatant was measured at 495 nm.

2.8.5. Assessment of Rhamnolipid

The active culture of P. aeruginosa was added into sterile LB broth in the presence or
absence of AgNPs-LR and incubated at 37 °C for 24 h. Ethyl acetate evaporation was used to
extract rhamnolipids from culture supernatant. Using the modified method of Pinzon and
Ju (2009) [43], an estimate of P. aeruginosa rhamnolipid production was made by dissolving
the extracted rhamnolipid in chloroform. A suspension of rhamnolipids was prepared by
adding 200 pL of methylene blue solution (0.025%) to 2 mL of solution. A vortexing step
was performed for 5 min. and the mixture was incubated at room temperature for 15 min.
For phase separation, 0.2 N HCI was added to new tubes containing the chloroform layer
after incubation. The mixture was mixed well and left at room temperature for 10 min.
By using 0.2 N HCl as blank, 200 uL of the acidic phase holding methylene blue was
spectrophotometrically measured at 638 nm.

2.9. Determination of the Swimming Motility of P. aeruginosa and S. marcescens

The LB plate containing sub-MIC (1/2 MIC) of AgNPs-LR were spotted with 5 puL of
the active culture of P. aeruginosa and S. marcescens. The control plate was not amended.
Incubation was carried out overnight at 30 °C. At the end of incubation, swimming zone
was observed in the control and treatment plates [44].

2.10. Assessment of Antibiofilm Activity

The glass test tubes were used to determine the antibiofilm effect of AgNPs-LR as
the hydrophilic surface [45]. Briefly, sterilized LB medium (3 mL) was transferred to
tubes containing 1 mL of active bacterial culture and 500 L of AgNPs-LR (sub-MICs). In
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the following step, the contents of the tube were mixed thoroughly and then tubes were
incubated at room temperature in a shaker for 72 h. After incubation, the planktonic cells
were removed from the tubes and washed with PBS. Then, the formed biofilm inside the
tubes was stained with crystal violet. After removing the excess dye via washing with
PBS, the stained biofilm was dissolved in acetic acid and absorbance was determined
using a spectrophotometer at 595 nm. As a control for the growth of biofilms, LB medium
containing individual bacterial strains was used. Estimates of the percentage inhibition of
biofilm was made as follows:

O.D. control — O.D. test/O'D- control X 100

2.11. Light Microscopic Assessment of Biofilm Inhibition

In brief, 60 uL of active culture of bacteria was added in 6-well plates consisting
3 mL of sterile culture medium and allow to grown overnight. Sterile glass coverslips
(1 x 1 cm) were placed in the wells along with the respective sub-MIC values of AgNPs-
LR. No treatment was administered to the control group. Following incubation of 24 h,
the planktonic cells were removed via washing with PBS and then air dried at room
temperature for 20 min. The biofilm was stained with crystal violet for 15 min. Afterwards,
the slides were washed and air dried for 30 min. to remove any excess dye. In order to
visualize the biofilms, a light microscope was used (Axioscope Al, Zeiss, Jena, Germany).
Magnification was set at 40x for the images [46].

2.12. Assessment of Exopolysaccharide (EPS) Production

A staining assay using ruthenium red was conducted to determine AgNPs-LR activity
in reducing EPS content in biofilms [47]. Each of the bacterial test strains (100 uL) and
AgNPs-LR were incubated for 24 h at 37 °C. After incubation, planktonic cells were
removed and the cell pellet was washed with sterile PBS (200 pL). In order to stain the
biofilms formed by the adherent cells, 200 pL of ruthenium red (0.01%) (Sigma—AldriCh®,
Bangalore, India). A well that was free of biofilm and a well containing ruthenium red
served as a blank. For the next step, the plate was incubated for 1 h at 37 °C. The residual
stain was then re-dispersed into a new microtiter plate and the absorbance measured at 450
nm. Amount of dye fixed to biofilm matrix measured as follows:

AbSBF = AbSB — AbSS

where, Absg = absorbance of the blanks, and Absg = absorbance of the residual stain
collected from the sample wells.

3. Results
3.1. Synthesis and Characterization of AQNPs-LR

As a result of adding 1 mL of culture supernatant into 10 mL of 0.1 mM silver nitrate
solution (1:10), the biosynthesis of AgNPs-LR has been achieved. It was observed during
the period of incubation that the colour changed from yellow to dark brown, while the
intensity increased over the course of the period of incubation, as a result of a successful
biosynthesis of AgNPs-LR. As a first step, UV-Vis analysis of AgNPs-LR was conducted
in order to confirm their biosynthesis. According to spectroscopic measurements made
after 24 h of synthesis of AgNPs-LR, absorption spectrum with a clear symmetry was
observed with a highest absorption at 464 nm (Figure 1A). Bu using information available
from the UV-Vis analysis and Haiss equation, we calculated the size of AgNPs-LR as 6.26
nm. By using FTIR spectrum, different functional groups can be identified, as a result of
which silver ions are reduced and stabilizing silver nanoparticles. A spectrum of AgNPs-
LR is shown in Figure 1B. As shown in the figure, there are several vibrational bands
that can be observed in the spectrum, which indicates the existence of several functional
groups. The vibrational bands at 3285.38 cm !, 2934.78 cm ™!, 2125.44 cm~1, 1639.12 cm !,
1401.45 cm~1,1243.24 cm~! and 551.64 cm ™! are hydroxyl, C-H/methylene, thiocyanate,

97



Antibiotics 2023, 12, 986

alkanyl, carboxylate, aromatic ethers, respectively. Study of infrared spectroscopy sug-
gested the predicted factor groups bind to metals with the most strength, and by coating
particles, they can be prevented from agglomerating and maintained for a prolonged period
of time. Furthermore, the TEM studies of the AgNPs-LR revealed that most of the nanopar-
ticles were spherical and polyhedral in shape, as well as poly dispersed nanoparticles
(Figure 1C-E). It was found that the diameter of the AgNPs-LR ranged from 5 to 70 nm.
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Figure 1. Characterization of AgNPs-LR. (A) UV-visible absorption spectra of AgNPs-LR. (B) FI-IR
analysis of AgNPs-LR. (C-F) Morphological analysis of AgNPs-LR via TEM analysis.

3.2. Antibacterial Potential of Biosynthesized AGQNPs-LR

Biosynthesized AgNPs-LR shown to possess antibacterial properties against all of
the tested bacterial strains in well diffusion assays. Among the tested bacteria, C. vio-
laceum showed the highest zone of inhibition, followed by P. aeruginosa and S. marcescens
Figure 2. Additionally, a broth microdilution was employed in order to determine the
MIC of AgNPs-LR. The AgNPs-LR had MIC values of 13.27 pg/mL against C. violaceum,
26.54 pg/mL against P. aeruginosa and 53.08 pg/mL against S. marcescens, respectively. In
order to test the efficacy of biosynthesized AgNPs against formation of biofilm as well as
QS-regulated virulence factors, the concentrations of AgNPs were below the inhibitory
concentrations (sub-MICs).

3.3. Inhibition of Inhibition of Virulence Factors of C. violaceum

The AgNPs-LR has been checked for their preliminary anti-QS activity by determining
their impact on C. violaceum pigment production. The pigment production in this strain
is controlled by QS. Reduced pigment production can be considered as an indication of
the presence of anti-QS activity. A treatment with 1/2, 1/4 and 1/8 MIC of AgNPs-LR
in C. violaceum resulted in a 75.49%, 59.22% and 47.23% reduction in the synthesis of
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violacein, respectively (Figure 3A). This clearly indicates that green synthesized AgNPs-LR
are capable of exhibiting anti-QS activity.
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Figure 2. Antibacterial activity of AgNPs-LR against different Gram-negative bacterial pathogens.
Values are represented as the mean + SD of three independent experiments.
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Figure 3. Anti-QS activity of AgNPs-LR against C. violaceum and S. marcescens. (A) An analysis
of the quantitative inhibition of violacein in C. violaceum using AgNPs-LR. (B) An analysis of the
quantitative inhibition of prodigiosin in S. marcescens using AgNPs-LR. Values are represented as the
mean + SD of three independent experiments. A secondary y-axis shows the percentage inhibition.
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3.4. Inhibition of Virulence Factors of S. marcescens

AgNPs-LR were also tested for anti-QS activity against S. marcescens in an effort to
determine whether they inhibit the broad spectrum of QS. S. marcescens produces a pink-red
pigment called prodigiosin that is regulated via QS. As per Figure 3B, a range of sub-MICs
of AgNPs-LR were found to reduced production of prodigiosin in S. marcescens. At the
concentration of 1/2, 1/4 and 1/8 MIC, AgNPs-LR led to a 71.28%, 55.78% and 41.90%
inhibition of prodigiosin, respectively.

3.5. Inhibition of Virulence Factors of P. aeruginosa

The virulence factor of P. aeruginosa mediated by QS was examined against AgNPs-LR.
A blue-green pigment pyocyanin is produced by P. aeruginosa and is controlled by the
communication between bacterial cells. The pigment production of the cells was gradually
decreased following treatment with AgNPs-LR. A concentration of 1/2,1/4 and 1/8 MIC
reduced the pigment production of P. aeruginosa by 72.60%, 50.07% and 38.65% (Figure 4A).
The pyocyanin contained in P. aeruginosa has been shown to be a significant contributor to
its pathogenic potential through the interference with cellular functions of the host.
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Figure 4. Anti-QS activity of AgNPs-LR against P. aeruginosa. (A) An analysis of the quantitative inhi-
bition of pyocyanin production in P. aeruginosa using AgNPs-LR. (B) An analysis of the quantitative
inhibition of pyoverdine production in P. aeruginosa using AgNPs-LR. Values are represented as the
mean + SD of three independent experiments. A secondary y-axis shows the percentage inhibition.
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A pigment known as pyoverdine can also be produced by several strains of P. aerug-
inosa which are virulent. There was an inhibition of pyoverdine production in the su-
pernatant by 59.30%, 40.28%, and 26.17%, respectively, when sub-MICs of AgNPs-LR is
present (Figure 4B).

A virulent strain of bacteria produces proteolytic enzymes that cause damage to the
tissues of the host upon successful infection. A staphylolytic assay was used to deter-
mine whether AgNPs-LR inhibit LasA protease activity. After treatment with sub-MICs
of AgNPs-LR, LasA protease activity decreased by 62.41%, 41.55%, and 18.36%, respec-

tively (Figure 5A).
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Figure 5. Anti-QS activity of AgNPs-LR against P. aeruginosa. (A) An analysis of the quantitative
inhibition of LasA protease production in P. aeruginosa using AgNPs-LR. (B) An analysis of the
quantitative inhibition of LasB elastase production in P. aeruginosa using AgNPs-LR. Values are
represented as the mean + SD of three independent experiments. A secondary y-axis shows the

percentage inhibition.
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An eleastase is a hydrolytic enzyme produced by bacteria during an infection that
destroys and inhibit the host immune system. In the presence of AgNPs-LR, P. aeruginosa
showed a concentration-dependent inhibition of its elastinolytic activity (Figure 5B).

In addition to maintaining the structure of biofilms, rhamnolipids play an important
role in adhering bacterial cells to solid surfaces. Rhamnolipid production by P. aeruginosa is
regulated by RhIR-RhII QS. Following treatment with AgNPs-LR, rhamnolipid production
was reduced (Figure 6). Rhamnolipid production was decreased by 55.86%, 42.76% and
31.82%, respectively, in the presence of sub-MICs of AgNPs-LR.
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Figure 6. An analysis of the quantitative inhibition of rhamnolipid production in P. aeruginosa using
AgNPs-LR. Values are represented as the mean =+ SD of three independent experiments.

3.6. Quantitative Inhibition of the Formation of Biofilms

An Al-mediated QS phenomenon is often responsible for regulating the formation of
a biofilm by regulating its mechanisms. The results obtained from the study on the effects
of the AgNPs-LR on the formation of biofilms is shown in Figure 7A for all three bacteria
tested. The development of bio-films of C. violaceum was inhibited by 72.56%, 55.37%
and 42.70%, when 1/2, 1/4, and 1/8 MIC concentrations were used as treatment. The
biofilm of P. aeruginosa was inhibited by 64.66%, 46.58% and 38.93% at sub-MICs. Similarly,
when sub-MICs are present, the biofilms of S. marcescens decreased by 61.70%, 41.72%, and
36.50%, respectively.

3.7. Inhibition of EPS Production

The EPS matrix provides protection and support for the biofilm and is critical for its
formation, stability, and function. EPS can help bacteria adhere to surfaces, create channels
for nutrient flow, and provide protection against antibiotics and other stressors. The present
study found that EPS production decreased upon the treatment of AgNPs-LR as 62.84%,
48.84% and 36.83% in C. violaceum, 56.91%, 43.12% and 31.77% in P. aeruginosa and 52.80%,
42.68% and 29.67% in S. marcescens at sub-MICs, respectively (Figure 7B).
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Figure 7. Anti-biofilm and EPS inhibition activity of AgNPs-LR against different Gram-negative
bacterial pathogens. (A) An analysis of the quantitative inhibition of biofilm production using
AgNPs-LR. (B) An analysis of the quantitative inhibition of EPS production using AgNPs-LR. Values
are represented as the mean =+ SD of three independent experiments.

3.8. Analysis of Biofilm Inhibition on Glass Surfaces Using Microscope

Using a microscopy technique, it was possible to perform a further evaluation of the
inhibition of biofilms. For the purpose of examining a change in the biofilm architecture,
the test bacteria were cultured without and with the maximum sub-MIC of AgNPs-LR in
order to visualize biofilm architecture changes. All the tested bacteria displayed a dense
cluster of cells on the glass coverslips, as can be seen from the light microscopy images

103



Antibiotics 2023, 12, 986

(Figure 8A-E). With AgNPs-LR treatment, cells were seen in a scattered form on the glass
surface and were significantly reduced in clustering.
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Figure 8. A representative light micrograph of a biofilm showing the effects of AgNPs-LR at their
highest sub-MICs. (A) Control of C. violaceum, (B) Treatment of C. violaceum with 1/2 MIC, (C) Control
of P. aeruginosa, (D) Treatment of P. aeruginosa with 1/2 MIC, (E) Control of S. marcescens, (F) Treatment
of S. marcescens with 1/2 MIC.

3.9. Inhibition of Swimming Motility

QS has a very important role in controlling the movement of P. aeruginosa and
S. marcescens, a crucial factor in determining the spread of infection in a host. It is also con-
sidered as a crucial factor in the pathogenicity of both bacteria, so it is an important factor in
virulence. In Figure 9A-D, it is shown that the control P. aeruginosa and S. marcescens swims
across the entire Petriplate after overnight incubation. Whereas, there was a decrease in the
zone of swimming in the treatment plates.
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Figure 9. The inhibition of the swimming motility of P. aeruginosa and S. marcescens by AgNPs-MK.
(A) Control of P. aeruginosa, (B) Treatment of P. aeruginosa with 1/2 MIC, (C) Control of S. marcescens,
(D) Treatment of S. marcescens with 1/2 MIC.

4. Discussion

In order to synthesize metal nanoparticles, there are a variety of approaches such
as chemical, physical and biological methods that can be utilized. There are significant
drawbacks associated with chemical synthesis, primarily the fact that dangerous and non-
biodegradable by-products are formed, making them harmful for the environment. The
concept of green synthesis is gaining increasing popularity because of its environmental
benefits, such as minimizing waste production, using non-hazardous materials and enhanc-
ing its environmental friendliness [19]. Besides not causing disease, probiotic bacteria also
prevent pathogenic bacteria from multiplying in animals’ digestive system and increase
intestinal microflora that is beneficial for the animal. There has been a growing market for
probiotics in the majority of countries [48].

Using L. rhamnosus as a basis for the production of AgNPs, the purpose of the present
study was to establish a simple, green, and inexpensive approach that could be utilized to
synthesize AgNPs. A prepared sample of L. rhamnosus was transferred to a final concentra-
tion of 1 mM of silver nitrate in order to observe the formation of AgNPs-LR. The colour
change in the sample indicated AgNPs-LR formation, which were then characterized using
UV-Vis, FT-IR and TEM analysis. Analyzing AgNPs with UV-Vis is a common technique
used to characterize the optical properties of these nanoparticles. The technique is based
on the principle of interaction of light with the localized surface plasmon resonance of Ag-
NPs [49]. Therefore, the electron transition that occurs at 464 nm during AgNPs synthesis
can be interpreted as a result of the interaction between incident light and the localized
surface plasmon resonance of the AgNPs. At 464 nm, the absorption peak suggests that
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the electron transition involved is primarily a dipole transition. In a dipole transition, the
conduction electrons of the AgNPs are excited from the ground state to a higher energy
state by absorbing a photon with a specific energy corresponding to the wavelength of
464 nm [50-52]. FT-IR analysis of AgNPs is a technique utilized to determine the chemi-
cal composition and bonding properties of these nanoparticles. This technique is based
on principle of the interaction of infrared radiation with the molecular vibrations of the
nanoparticles [53]. Whereas, TEM analysis was performed to characterize the size, shape
and distribution of synthesized AgNPs.

Previously, an iron oxide nanoparticle has been synthesized by Torabian et al. [54]
using the green synthesis approach. Upon synthesis, iron oxide nanoparticles were found
to be around 15 nm in size. Nanoparticles had round to spherical shape and they found
its application in drug delivery or therapy as safe, effective and inexpensive [54]. By
synthesizing AgNPs from the supernatant filtrate of L. acidophilus, Rajesh et al. [55] designed
eco-friendly antibacterial components. Using electron microscopy, they determined that
the particles had spherical shapes with sizes ranging from 4-50 nm. According to their
report, AgNPs showed antibacterial properties when used against Klebsiella pneumoniae by
causing cytolysis and destroying the membrane of the bacterial cell [55]. A further study
conducted by Nithya et al. [56] examined the antimicrobial efficacy of AgNPs synthesized
from Brevibacterium linens against multidrug-resistant clinical isolates and demonstrated
that these nanoparticles were highly effective. As a result of the AgNPs incubated with
Escherichia coli colonies for 3 h, it was observed that viable cells had decreased. In contrast,
it can cause Staphylococcus aureus inhibition zones similar to those of Amikacin. Selenium
nanoparticles (SeNP) with 50-80 nm size was prepared by Xu et al. [57] using L. casei.
Furthermore, in mice infected with Enterotoxigenic E. coli K88, SeNP treatment resulted in
lowering inflammatory cytokines and oxidative stress in the mice [57]. Using the probiotic
L. kimchicus DCY51 isolated from traditional Korean kimchi, Markus et al. [58] synthesized
gold nanoparticles (AuNPs). Synthesized AuNPs were found to be spherical structure
with a size between 5-30 nm. The antioxidant properties of AuNP were demonstrated by
its ability to remove free radicals [58]. The antimicrobial efficacy of AgNPs synthesized
from one more probiotic L. amylophilus GV6 has been tested by Kumar et al. [59] using
agar well plate assay against several bacterial pathogens such as, B. subtilis MTCC 121,
S. aureus MTCC 96, P. aeruginosa MTCC 424, K. pneumoniae MTCC 109 and E. coli MTCC 43,
which reported the 1.5 cm inhibition zone against S. aureus MTCC 96. Using two probiotic
bacteria, L. acidophilus 58p and L. plantarum 92T, Garmasheva et al. [60] synthesized AgNPs
and studied their antibacterial activity. The AgNPs obtained from L. acidophilus 58p were
found more active against E. coli, S. epidermidis, S. flexneri, K. pneumonia, and S. sonnei than
L. plantarum 92T AgNPs. In a similar study, Naseer et al. [61] synthesized AgNPs from
L. bulgaricus and evaluated their antibacterial effectiveness against S. aureus, S. epidermidis
and S. typhi. Gram-negative bacteria were found to be more susceptible than Gram-positive
bacteria. A recent study by Sharma et al. [62] also synthesized safe, inexpensive and
biocompatible AgNPs using four different probiotic isolates such as, L. plantarum F22,
L. paraplantarum KM1, L. pentosus S6 and L. crustorum F11. Various bacterial and fungi
pathogens viz., B. cereus, L. monocytogenes, antibiotic-resistant S. aureus, P. aphanidermatum,
P. parasitica and F. oxysporum were also found to be susceptible to these AgNPs. Among
them, AgNP synthesized by L. crustorum F11 showed maximum inhibition against all
pathogens, with maximum activity against S. aureus (20 = 0.61 mm) and F. oxysporum
(23 +0.37).

The current study further explores the antibacterial, antibiofilm and anti-QS activities
of biosynthesized AgNPs-LR. As a first step, biosynthesized AgNPs were tested against
different bacteria pathogens using well diffusion assays. According to our results, the
biosynthesized AgNPs-LR display the highest antibacterial activity against C. violaceum,
S. marcescens and P. aeruginosa, respectively. As reported earlier, the high antibacterial activ-
ity of biosynthesized AgNPs resulting from reactive oxygen species production and the
damage to membranes [63,64]. By virtue of the low MIC of biosynthesized AgNPs against
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bacterial pathogens, it is not necessary to use conventional antibiotics in conjunction with
the biosynthesized AgNPs. Additionally, biosynthesized AgNPs showed higher suscepti-
bility to C. violaceum and P. aeruginosa than S. marcescens. In general, each of these bacteria
is capable of forming biofilms, which are difficult to eradicate even with conventional
antibiotics available on the market, since their extracellular matrix also reveals resistance to
both environmental factors and antibiotics [65,66]. The formation of biofilms contributes to
pathogenesis, with almost 80% of infections attributed to biofilm formation [17]. Biofilms
are responsible for reducing the efficiency of antibiotics by up to a thousand-fold, which
places a burden on the health care system to treat infections. The Al often contributes
to QS that controls the formation of a biofilm in a given environment. The synthesized
AgNPs-LR were tested for their effect on the development of biofilms in all three bac-
terial pathogens and the results showed that they effectively inhibited the formation of
biofilms at sub-MIC levels. It has been discovered that bacteria that form biofilms resist
both chemical and physical therapy and their virulence genes are coordinated in their
expression [67]. Previous studies found tobramycin resistance in biofilms of P. aeruginosa to
be 1000 times higher than in planktonic bacteria [68]. A study carried out using AgNPs
derived from the bark extract of Holarrhena pubescens reported that the AgNPs inhibited
the development of biofilms of imipenem-resistant P. aeruginosa [69]. Additionally, AgNPs
also inhibited the biofilm development of methicillin-resistant S. aureus and P. aeruginosa
producing extended-spectrum beta-lactamases (EsbL) [70]. Histidine-capped AgNPs were
also known to eradicate mature biofilm of K. pneumoniae by Chibber et al. [71].

The bacterial QS process is a unique way in which bacteria communicate between
themselves, through cell density can be sensed by bacteria in their adjacent atmosphere and
this in turn results in the activation or suppression of specific genes in the bacteria [72,73].
QS-dependent gene expression is responsible for many important bacterial characteristics
such as physiology, virulence, and the formation of biofilms in bacteria. A huge attention
has been given to research on QS because of its potential for human medicine over the
past 15-20 years [74]. Thus, the current study also examined an inhibitory effect on QS of
AgNPs-LR against C. violaceum, P. aeruginosa and S. marcescens.

Violacein production by C. violaceum is regulated by the QS system based on the
density of bacteria in the population. Although, violacein itself is not usually considered a
pathogenic factor, infections caused by C. violaceum can be serious and even life-threatening
in individuals with compromised immune systems [75]. In these instances, violacein
may help bacteria evade the immune system and establish infection by contributing to
their virulence. In spite of the fact that cell-to-cell communication is critical to bacterial
physiology and virulence, QS inhibitors have been shown to inhibit the production of
violacein by C. violaceum, thus providing insights into the potential of QS inhibitors as
therapeutic agents against bacterial infections [76].

Pyocyanin production in P. aeruginosa is also regulated by QS, just as violacein produc-
tion. Pyocyanin is a blue-green pigment that is crucial for the pathogenesis of P. aeruginosa
infections [77]. Pyocyanin plays a key role in P. aeruginosa infections by causing oxidative
stress in the host. The pyocyanin pigment damages host cell membranes and contributes to
the destruction of host tissues by generating reactive oxygen species (ROS). Aside from caus-
ing tissue damage and exacerbated infection, oxidative stress triggers inflammation [78].
The immune response to infection has also been interfered with by pyocyanin. Immune
cells such as neutrophils and macrophages, which fight bacterial infections, are inhibited
by it. As a result, P. aeruginosa infection that evades the immune system can become per-
sistent [79,80]. Additionally, P. aeruginosa produces pyocyanin, a fluorescent green-yellow
siderophore [81]. By facilitating iron acquisition, promoting bacterial growth, and stim-
ulating the host immune response, it also plays an immense part in the pathogenesis of
P. aeruginosa infections [82]. Furthermore, P. aeruginosa infections involve the production of
a protease enzyme called Las A. Among the key factors in the pathogenesis of P. aeruginosa
infection, it degrades host tissue proteins, interferes with host cell signaling, stimulates host
immune responses, and promotes biofilm formation and detachment [83]. As for Las B, it is
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a zinc metalloprotease enzyme produced by P. aeruginosa that degrades host tissue proteins,
including elastin, collagen, and fibronectin, during pathogenesis. This can result in tissue
damage and destruction, which is then used by the bacterium to spread and colonize new
sites within the host as a result of the damage [84]. Additionally, P. aeruginosa produces
surface-active molecules known as rhamnolipids. Moreover, P. aeruginosa infections involve
the activity of these molecules in a variety of ways. During infection by P. aeruginosa, it
contributes to host cell lysis, promotes biofilm formation, stimulates the immune response,
and aids bacterial adaptation to stress [85]. The QS is also responsible for the synthesis of
prodigiosin, a bright red pigment produced by S. marcescens. The prodigiosin contributes
to the pathogenesis of S. marcescens infections, as it is majorly responsible for the formation
of biofilm, antimicrobial activity, immunomodulation, and cytotoxicity [86]. It is therefore
possible to gain insights into the infections caused by pathogenic bacteria by regulating the
activity of QS.

Furthermore, movement of bacteria by swimming is known as swimming motility that
involves the rotation of flagella to propel the cell through liquid environments. Swimming
motility plays a crucial role in the formation and spread of biofilms, as well as in the
regulation of QS signaling pathways that are important for bacterial communication and
virulence. Inhibition of swimming motility has therefore raised as a possible way for
the development of antibiofilm and anti-QS agents. EPS inhibition is also an emerging
strategy for development of antibiofilm and anti-QS agents [87]. The EPS matrix plays an
important role for the development of biofilms, providing mechanical stability, protection
against environmental stresses, and a barrier to antimicrobial agents. By targeting the EPS
matrix or QS signaling pathways, it may be possible to prevent biofilm formation, make
biofilms more susceptible to antimicrobial agents and disrupt a wide range of bacterial
behaviors [88]. Accordingly, the results of this study clearly indicated that AgNPs-LR
synthesized from L. rhamnosus played a broad-spectrum antibiofilm and anti-QS activity
against Gram-negative pathogenic bacteria.

5. Conclusions

The biosynthesized AgNPs-LR demonstrated a remarkable reduction in multiple
QS-regulated functions in Gram-negative bacteria, such as, C. violaceum, P. aeruginosa, and
S. marcescens. In C. violaceum, there has been a significant decrease in the production of
violacein pigments of more than 70%. Upon treatment with AgNPs-LR, S. marcescens
virulent trait controlled by QS was also reduced by 70%. A dose-dependent inhibition of
P. aeruginosa virulence factors was also observed with AgNPs-LR. All test bacteria were
found to show a decrease in their ability to form biofilms at their respective sub-MICs by
a dose-dependently manner. In addition, there was a notable reduction in the formation
of biofilms on the surfaces of the coverslips, swimming motility as well as the production
of EPS. As a result, it can be concluded that biosynthesized AgNPs-LR could be exploited
for the treatment of skin infections resulting from topical application. In addition to this,
medical implants/devices can also be coated with these materials in order to inhibit the
bacterial adhesion and to prevent the formation of biofilms on the surfaces. However, there
is a need to perform more in-vivo studies to determine the therapeutic efficacy of AgNPs-LR
against infections caused by pathogens that are resistant to known antibiotics.
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Abstract: Food waste is key global problem and more than 90% of the leftover waste produced by
food packaging factories is dumped in landfills. Foods packaged using eco-friendly materials have a
longer shelf life as a result of the increased need for high-quality and secure packaging materials. For
packaging purposes, natural foundation materials are required, as well as active substances that can
prolong the freshness of the food items. Antimicrobial packaging is one such advancement in the area
of active packaging. Biodegradable packaging is a basic form of packaging that will naturally degrade
and disintegrate in due course of time. A developing trend in the active and smart food packaging
sector is the use of natural antioxidant chemicals and inorganic nanoparticles (NPs). The potential
for active food packaging applications has been highlighted by the incorporation of these materials,
such as polysaccharides and proteins, in biobased and degradable matrices, because of their stronger
antibacterial and antioxidant properties, UV-light obstruction, water vapor permeability, oxygen
scavenging, and low environmental impact. The present review highlights the use of antimicrobial
agents and nanoparticles in food packaging, which helps to prevent undesirable changes in the
food, such as off flavors, colour changes, or the occurrence of any foodborne outcomes. This review
attempts to cover the most recent advancements in antimicrobial packaging, whether edible or
not, employing both conventional and novel polymers as support, with a focus on natural and
biodegradable ingredients.

Keywords: biodegradable; biopolymers; antimicrobial agent; active packaging; food industry

1. Introduction

Food packaging is described as enclosing meals to defend them from tampering
or infection from physical, chemical, and biological sources, where active packaging is
considered the most desirable packaging system used for retaining meals products [1]. The
four essential purposes of traditional food packaging are containment and communication,
protection and preservation, convenience and marketing [2]. Food packaging has to meet
some criteria, including legislation, protection, and plenty of different situations, since
it is required to be innovative, clean to apply, and have an appealing design. One of the
principal duties of packaging within the food enterprise is to guard the product from
chemical, mechanical, and microbiological impact, and additionally maintain the freshness
of the product and its dietary value. Good packaging prevents waste and guarantees that
the meals keep their flavor until some stage in their shelf life. Despite its significance
and the important function that packaging plays, it is often seen as, at best, incredibly
superfluous, and, at worst, a critical waste of resources and an environmental menace. The
world loses an astounding quantity of food every year. Globally, around USD 750 billion

Antibiotics 2023, 12, 968. https:/ /doi.org/10.3390/antibiotics12060968 113 https://www.mdpi.com/journal/antibiotics



Antibiotics 2023, 12, 968

worth of food is frittered away each year throughout the entire supply chain, among which
up to 25% of residential meal waste is because of packaging size or design, for example,
meals spoiling because of loss of packaging, condiments sticking to the perimeter and
bottom of packing containers, or the inability to pack bulk clean ingredients for well-timed
consumption [3,4]. Packaging waste, that from non-biodegradable polymers in particular,
has ended up generating a large part of municipal solid waste, which results in a number
of growing environmental concerns.

A significant waste management difficulty is presented by the very evident source of
litter composed of leftover packaging. The petroleum-based polymer polyethylene (PE),
which is one of these materials, is most frequently utilized in packaging applications [5].
After being dumped on land or along the coast, petroleum-based polymers such as PE
are incredibly resistant to biodegradation, resulting in various degrees of contamination.
To cope with this problem, a whole lot of interest has been paid to developing biodegrad-
able polymers from renewable resources in recent years [6]. Numerous studies have
shown great possibilities of new food packaging technologies using biodegradable and bio-
based packaging material [7]. To lessen the environmental impact and petro-dependence,
non-biodegradable plastics can be replaced with biopolymer. Biopolymers are the most
promising alternative to synthetic plastic material for packaging that fully decomposes or
can be composted [8]. Similar to this, there is current interest in the development of novel
and more complex methods to prevent food from becoming contaminated by pathogenic
microorganisms as a result of antimicrobial packaging, which refers to packaging systems
that can prevent or eliminate pathogenic microorganisms from existing in the food [7].
However, the demand for environmentally friendly, affordable, sustainable materials has
given a variety of naturally occurring antimicrobial compounds a fresh, intriguing outlook.

The growing trend also brings us to a point where we need to focus on antimicrobial
packaging because spoilage due to microbial growth is one of the major problems faced
by the food industry. These types of microbial growth elevate the risk of food-borne dis-
eases and also alter the nutritional properties of the food product. In this sense, applying
natural antimicrobial compounds to the packaging material will create a better packaging
technology. As we all know that food packaging innovations have gradually accelerated
towards the development of intelligent packaging throughout the beginning of the cur-
rent millennium, the general motive of this paper is to provide an overview of ongoing
research and the latest technologies which show the perspective of the next generation of
intelligent, active food packaging systems that will sense various changes in the packaging
or its environment [7]. An important development trend for the evolution of packaging
is the incorporation of extremely effective antibacterial nanoparticles, antifungals, and
antioxidants to biodegradable and environmentally friendly green polymers [2]. Due to
increased awareness and needs for sustainable active packaging that may maintain the
quality and extend the shelf life of foods and products, the development of antimicrobial
packaging has been advancing quickly. Antimicrobial agents, if infused into the packing
film, will prevent or eradicate the pathogenic microorganisms that cause food spoilage
and sickness [3]. The uses of this novel packaging method for food, however, are still few.
Even if this idea gains popularity and appears promising on paper, it is difficult to manage
how much of an active ingredient is released into food, and little research has attempted
to address this issue [2]. One effective way for expanding the shelf life of packaged food
goods is the inclusion of active ingredients into natural and synthetic polymers and the
development of coatings/films [6]. Theoretically, antimicrobial drugs ought to be given out
at a controlled rate. Additionally, to prevent negative effects on sensory and toxicological
qualities, the concentration of the released antimicrobial agent should be neither too high
nor too low [3]. The use of cutting-edge active packaging methods in conjunction with
innovative antimicrobial drugs has gained popularity. Sorbic acid is known to prevent the
germination of bacterial spores, and both fungal and bacterial cell development is inhibited
by organic acids. The fundamental cause of the inhibitory effect of organic acids is the
compound’s entry into the plasma membrane in its protonated form. As a result, the acid
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will dissociate when it comes into contact with the higher pH inside the cell, releasing
charged protons and anions that cannot flow through the plasma membrane. Additionally,
the inhibiting effect of organic acids on yeasts may be brought on by the start of a stressful
reaction that is so demanding that attempts to restore equilibrium and avoid other negative
effects result in the depletion of resources [8].

By utilizing the various antimicrobial packaging solutions, sustainable active packag-
ing that meets industry standards for higher safety and quality as well as a longer shelf life
will be even better. By using renewable and biodegradable polymers rather than typical
synthetic ones, antimicrobial packaging not only has a number of benefits but also pro-
tects the environment by lowering the amount of plastic pollution produced by humans.
The World Wildlife Fund also noted in 2018 that almost 60% of the estimated 8 million
tonnes of plastic that enter the oceans annually came from China, Indonesia, Malaysia, the
Philippines, Thailand, and Vietnam [9]. The considerable amount of extremely hazardous
emissions, composting management concerns, and changes in the carbon dioxide cycle
are mostly to blame for this environmental threat. Therefore, this phenomenon has drawn
the attention of numerous researchers who are working to produce sustainable, active
packaging materials. As a result, packaging design should take user-friendliness and
environmental sustainability into account in addition to shelf life, cost, and protection [10].

One effective method for extending the shelf life of packaged food goods is the inclu-
sion of active chemicals into natural and synthetic polymers and the development of film or
coatings. A variety of polymers, including agar, pullulan, carrageenan, alginate, cellulose
acetate soy protein, and chitosan, have been implemented to create films that contain
antibacterial ingredients [6]. The advantage of these biopolymers is their sustainability,
renewability as well as biodegradability, which make them superior over the synthetic
petrochemical-derived plastics [2]. Recent reports suggest the bio-based polymers or bio-
plastics are easily degradable in soil and sea water, although the rate of degradation is
highly dependent on the type of polymers and the other fillers present in the composite [8].
Most of the bio-based polymers are highly biodegradable and their use in the packaging
is not harmful to our environment nor for our health. In order to allow the integrated
antimicrobial peptide to diffuse and protect against bacteria that may be present on the
food surface, appropriate contact between the active packing material and the food product
must be ensured [3].

Antimicrobial peptides are primarily incorporated into packaging materials using
three different techniques: direct integration into polymer matrix, immobilization, and
coating on the material’s surface [11]. To ensure the proper protective function during
the anticipated shelf life, a balance between the development of microbial kinetics and
the controlled release rate should be created. Controlling the rate at which antimicrobial
agents leak from packaging and then diffuse into food products is thus one of the most
intriguing difficulties in the practical application of antimicrobial systems. The effectiveness
of active packaging systems can be impacted by such polymer-specific characteristics
as mass transport, permeability, sorption, and migration. Traditional polymers can be
thermally combined with tiny antibacterial agents. In this instance, the polymeric material’s
amorphous zones could accommodate the antimicrobial chemicals without appreciably
affecting the polymer’s internal structure [12]. A rising number of people are interested in
developing and using controlled-release strategies for such compounds by making slight
adjustments to the chemical and physical characteristics of the hosting materials to make
them meet the specifications for food packaging materials [13].

The summary of current developments and uses of antimicrobial biodegradable films
in the packaging sector, as well as the development of nanotechnology to produce highly
effective new, bio-based packaging solutions, are the main topics of this review. Because
of this, the impact of appealing product packaging on consumer purchase behaviour is
significant. The majority of consumers prefer the new, added value that modern packaging
technology has over conventional packaging. To meet the rising demand for packaged,
ready-to-eat foods, which is regarded as a major driver of future packaging trends, the
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integration of these responsive technologies into food packaging will have a significant
impact on the food processing sectors.

In general, antimicrobial agents can inhibit microbial growth in a variety of ways,
including by changing the structure of proteins through modification or denaturation;
altering the proteins or lipids in cell membranes; preventing the synthesis of components
of cell walls; hindering the replication, transcription, and translation of nucleic acids; and
interfering with cellular metabolism. Particularly in the context of perishable foods, the
antimicrobial agents included into packing materials greatly increase microbiological safety,
shelf life, and quality [14]. Antimicrobial agents can change the structure and engineering
characteristics of packaging materials, including their tensile strength, gas permeability,
and optical, thermal, morphological, and physical properties [15]. Clarke et al. 2016,
investigated the physical characteristics of produced gelatin-based films containing the
antibacterial agents Articoat DLP 02 (AR), Artemix Consa 152/NL (AXE), Auranta FV
(AFV), and sodium octanoate (SO) [16]. The prepared films reported values for thickness,
color, and transparency that were significantly greater than those of the control films. The
very first polymeric nanocomposite to hit the market was clay, a revolutionary material
for food packaging, with MMT being the most popular type. According to reports, the
nanoclay contained in food packaging films reduces the rate of gas transmission to maintain
the freshness and extend the shelf life of foods that are susceptible to oxygen [17]. Strong
antibacterial activity against foodborne pathogenic microorganisms was demonstrated
using gelatin-based nanocomposite films mixed with specific organic fillers and nanometals
such titanium dioxide (TiO,), nanocopper (CuNPs), nanosilver (AgNPs), and zinc oxide
nanoparticles (ZnO NPs). The active food packaging sector has a high potential for using
the antibacterial gelatin-based nanocomposite films [18].

Innovative antimicrobial food packaging films are often made of bio-based polymers,
which are biocompatible and safe for human consumption. The majority of them are
edible and generally recognized as safe (GRAS)-classified. For instance, chitosan and
cellulose are GRAS on the micron scale. Although nanocellulose shows little cytotoxicity, it
may nevertheless affect the population of gut bacteria and change intestinal function by
impairing nutritional absorption [19]. However, in addition to its benefits, nanotechnology
also poses certain threats and has unfavorable effects on both the environment and people.
The non-degradable and persistent character of nanomaterials is primarily responsible for
their toxicological effects, whereas the advantageous elements of the unique properties of
nanoparticles are provided by their tiny size and high surface area. However, it also has
negative side effects, such as a high reactivity when interacting with biological elements [20].
Due to their high level of activity, nanoparticles can easily bypass blood arteries and
membrane barriers, which could have a variety of hazardous effects. Additionally, given
their small size and huge surface area, nanoparticles have unique biokinetic properties
that may promote their migration from packing materials to food products as well as their
likelihood of free movement and cell penetration in the body [21]. The toxicological concern
of Ag, ZnO, and CuO nanoparticles is among the most studied and researched, as various
studies indicate a strong relation between decreasing nanoparticle size and increasing
phytotoxicity [22]. The toxicity of nanoparticles has been found to be inversely related to
particle size, meaning that toxicity rises as particle size decreases. For instance, compared
to silver nanoparticles with a diameter of 100 nm, 20 nm silver nanoparticles are more
hazardous to lung tissue. Therefore, the transfer of nano-components from packaging to
food may result in negative health effects. A few reports have also indicated that these
components may be genotoxic and carcinogenic [23]. Studies on essential oils show that at
the concentrations used in food packaging, they are not hazardous. There are some worries
that when essential oils are used to prevent pathogenic bacteria, they may also have a
harmful effect on beneficial microorganisms [24]. Last but not least, before nanomaterials
are actually commercialized, more research on the health and environmental safety of these
materials is still required.
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Numerous review articles on the use of antimicrobial compounds in packaging mate-
rials have recently been published that mainly highlight how well the substance reduces
food spoilage and discuss how to include or use these ingredients in packaging materials.
However, new developments in nanotechnology and the creation of biodegradable packag-
ing material using different compounds have gained the limelight. In this review article, we
briefly discuss various organic and chemical-based antimicrobial compounds which can be
utilized in forming biodegradable packaging material, while highlighting recent research
studies on the application of nanotechnology to build novel bio-based packaging solutions;
this study assesses the current situation and applications of antimicrobial biodegradable
films in the food packaging business.

2. Classification of Antimicrobial Agents

The main cause of food rotting is microbial infection. Food-borne microbial illnesses
are treated using antimicrobial medicines. They are also utilized in the food packaging
sector to create antimicrobial packaging films that protect food’s structure, texture, color,
and nutritional content. Food demand is increasing in tandem with population growth.
Food waste must be stopped, and rotting must be avoided. The majority of the food spoils
while being harvested, transported, and distributed. It is important to solve this significant
issue. The most convenient technique to lessen food degradation and contamination is to
add antibacterial agents. Each antimicrobial agent has a distinct mechanism and responds
to various kinds of microbes in a different way. In this instance, the sorts of antimicrobials
might sometimes place limitations on how they can be used. A suitably continuous, sticky,
and cohesive matrix must be formed by at least one component during the production of
antimicrobial films. A formulation like this includes a plasticizer (sorbitol, glycerol, and
water), a pH-adjusting agent (acid, sodium hydroxide, and others), a film-forming agent
(polymer), a solvent (ethanol, water, and others), and an antibacterial agent [11]. Depending
on what the packaging material is being used for, different antimicrobial agents may be
chosen. One of the most demanding methods for food preservation, food packaging, has
undergone several alterations to support the characteristics and qualities of antibacterial
materials. Due to historical reasons, low cost, and effective barrier properties, petrochemical
polymers are currently the basis for the majority of food packaging materials. These
polymers are not biodegradable, and they have already caused significant environmental
problems in terms of short- and long-term contamination [12]. Antimicrobial packaging
containing antimicrobial agents interacts with packed food in order to take effect, such
as to inhibit, reduce, or retard microbial growth along with increasing shelf life of the
food product [13]. Food-borne microbial diseases are treated with antimicrobial agents.
They also benefit the food packaging sector, as they are utilized for the manufacture of
antimicrobial packaging films which protect the structure, texture, color, and nutrient value
of food. The antimicrobial packaging techniques fall into two categories. The first type is
represented by packaging materials that allow for direct contact between the preserved
food and an antimicrobial surface, allowing for the migration of active ingredients into the
food. These containers are used for food that has been vacuum-sealed or wrapped in foil.
The modified atmospheric packaging (MAP) is a second tactic that places the antimicrobial
agent inside the package but out of direct contact with the food [14,15]. Bioactive agents
can be added directly to packing compounds to create antimicrobial packaging, they
can be coated onto packaging surfaces to create antimicrobial packaging, or they can be
incorporated into films made of antimicrobial polymers [16]. Organic acids, enzymes,
bacteriocins, fungicides, natural extracts, ions, ethanol, polyphenols, protein hydrolysates,
and other substances can all be used as active agents [17,18].

In a recent research work it has been highlighted that there are a few salts and organic
acids which possess strong antimicrobial properties; some agents include sorbic, benzoic,
acetic, propionic, and ascorbic acids, and they can change the transport and permeability
of membranes as well as the pH levels inside cells [19]. Essential oils and aqueous or
alcoholic extracts from herbs, spices, and plants such as basil, eucalyptus, thyme, mustard,
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and clove lemon, horseradish, onion, garlic, rosemary, and oregano have been researched
as antimicrobial agents [21,22]. In another study, a concept was proposed which says
that bacterial infections, particularly those brought on by Gram-positive bacteria, can be
prevented by lysozyme [23,24]. Its activity is explained by its capacity to hydrolyze the
primary component of the cell wall, which results in the loss of intracellular components
and bacterial death, which proves that enzymes can be used as an antimicrobial agent and
can be incorporated in packaging.

3. Types of Antimicrobial Agent
3.1. Natural Antimicrobial Agent

There are several natural compounds which possess certain antibacterial activities.
Some of these natural or organic compounds are used in the industry on a very large scale.
One of the most significant sources of antimicrobial packaging is natural antibacterial agents.
They are safe for health because they are natural. A crucial characteristic of antibacterial
organic compounds is that they exhibit long life and high stability under specific conditions,
such as heat, but they also have some drawbacks, such as weak mold-resistant activity; as
a result, a large dosage is required when used professionally on an industrial scale. Some
research has given a brief description of natural antimicrobial agents, the sources of some
antimicrobial agents from animal and plant origins, the packaging materials in which they
are frequently incorporated, the foods for which these packaging materials are also made,
and the microorganisms active in these natural antimicrobial agents [25]. It also lists some
antimicrobial agents” sources from animal, plant, and microbial origins [26].

3.2. Plant-Based Antimicrobial Agent

The food sector is employing practical methods, such as the utilization of multiple
plant-based compounds as a natural antibacterial agent in polymeric materials, to fully
capitalize on the advantages and benefits of each material while also overcoming the
downsides and shortcomings of each component. Individual volatile molecules are called
essential oils (EOs). The effects of plant extracts employed as antibacterial agents in the
form of thin edible films on food products are significant. These chemicals extended the
shelf life of packaged foods and reduced waste [27]. They are obtained specifically from
aromatic plants. Some of the most effective natural extracts are ginger, garlic, oregano,
thyme, cinnamon, clove, coriander, and more [28]. The antimicrobial actions on particular
microbes are brought on by the presence of active chemicals in these substances, such as
flavanols, terpenes, anthocyanins, phenolic acids, tannins, and stilbenes. Additionally, they
could offer other health advantages, similar to dietary supplements [29]. Ground beef’s
shelf life was increased by up to 12 days using a composite made of PLA and nanocellulose
infused with plant essential oils (Mentha piperita or Bunium percicum). Authors in [30] have
created three-component composite films based on PLA blended with chitosan and packed
with tea polyphenols in a range of molar ratios. The composite film made of PLA, tea
polyphenols, and chitosan exhibits up to three times more strength. Thyme and tarragon
are common plants that contain caffeic acid, which has a potent antibacterial, antiviral,
and antifungal action. The phenolic structures of flavones only contain one carbonyl
group. It should be noted that they are effective antibacterial compounds acting against a
wide variety of microorganisms and are thought to be produced by plants in response to
microbial infection.

In contrast to minor components like ketones and aldehydes, spice and herb extracts
contain phenolic, terpene, and aliphatic alcohols with antimicrobial properties [31]. Besides
the antimicrobial activity, they offer antioxidant activity and other medicinal effects [32].
From this perspective, using antimicrobial compounds originating from plant sources could
be a great option, especially for food packaging. Listeria-infected cheese can be preserved for
24 days using starch films that have been infused with clove leaf oil. Clove leaf oil performs
a variety of functions, including enhancing tensile strength and elongation break as well
as reducing L. monocytogenes proliferation, acting as a UV barrier, and scavenging free
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radicals [33]. The loss of plant-derived antimicrobial compounds during high-temperature
processing and decreased antibacterial effectiveness are the current problems with plant-
derived antimicrobial compounds [34]. Plants that contain phytochemicals are generally
essential, especially those that have therapeutic advantages [35-39]. Due to rising consumer
demand for safer food additives, numerous studies and evaluations have been carried out
in photochemistry about natural antimicrobial agents. Table 1 describes the sources of

some antimicrobial agents from plant origins.

Table 1. Active compound isolated /extracted from natural antimicrobial agents.

Natural Extract Active Compounds Antimicrobial Action Reference

Oregano Carvacrol and thymol Salmonella entts-?lc, m"lc.l and ye'f\st, and [40]
mesophilic aerobic bacteria
Clove and thyme Eugenol and thymol Escherichia coli [41]
Eucalyptus radiata eucalyptol Gram-negative bacteria [42]
Grapefruit seed phenolic compounds Pseudomonas fluorescence and Escherichia coli [43]
Apricot kernels oleic acid Escherichia coli and Bacillus subtilis [44]
cinnamon cinnamaldehyde R. nigricans and S. aureus [45]
Basil Chavicol and eugenol L. curvatus and S. cerevisiae [46]
Tea polyphenols Polyphenols Escherichia coli and Staphylococcus aureus [47]
Mentha rotundifolia L. Ferulic acid Salmonella typhimurium, Escherichia coli, [48]
S. aureus
Olive leaf extract polyphenolic compounds Escherichia coli and L. innocua [49]
. .. S. aureus, Listeria monocytogenes, and
Chitosin polycationic compounds Enterococcus faccalis [50]
Bacteriocins Peptide Micrococcus lyteus, S. aureus, and [51]
Bacillus cereus
Staphylococcus aureus, Escherichia coli, and

Cellulose Candida albicans. [52]
Starch Escherichia coli [53]
Lysozyme Gram-positive bacteria [54]

3.3. Animal and Microbe-Based Antimicrobial Agent

Mostly natural agents derived from plants were discussed in the previous section.
In this section, antimicrobial agents derived from animal and microorganisms are briefly
discussed. Today, a variety of strategies are employed to increase the effectiveness and
production of natural antibacterial agents. These methods have enhanced the effectiveness
of natural antibacterial agents and ensured the safety of food packaging. Pathogens are
currently a big hazard to the food business. Dealing with the condition is highly challenging
because the infections have rapid growth rates and develop a resistance to the antibacterial
agents. In this situation, researchers put forth a lot of effort to overcome this problem.
Hossain et al. 2017, in their study, explained that probiotics are the live microbes that are
provided to humans and animals [50]. They act as the antibacterial agents in the intestinal
tract and can fight harmful microbes in the ingested food. Bacteriocins from microorganisms
(natamycin and nisin), as well as lactoferrin and lysozyme enzyme from animals, are natural
preservatives used in food packaging [51]. In the twenty-first century, animal-derived
antimicrobial agents are frequently employed in food packaging. The hypothetical study
leads to the conclusion that sea cucumber is very significant from a medical and dietary
standpoint. It is believed to have been used in the past to treat wounds, and current research
suggests that it possesses antibacterial and antioxidant qualities. In most of Asia’s regions
today, it is employed in the food and pharmaceutical industries [52]. Next to cellulose, lignin
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is the second-most prevalent renewable and biodegradable natural resource. It includes a
variety of functional groups in varying proportions, giving room for chemical modification
and polarity adjustment to produce compatibility with suitable polymeric matrices [53].
The literature has determined that a variety of polymeric substances derived from animals,
such as chitosan, protein hydrolysates, bioactive peptides, whey protein, etc., display
innate antibacterial activity. Various bacteria, including Escherichia coli, Bacillus cereus,
Salmonella typhimurium, Staphylococcus aureus and Listeria monocytogenes, as well as mold and
yeast, including Rhizoctonia solani, Botrytis cinerea, Fusarium oxysporum, and Candida lambica,
have shown antagonistic behavior toward chitosan [54]. Natural antimicrobials, such as
bacteriocins, have a “green” nature and are well-known for their antimicrobial efficacies.
In order to prevent synthetic antimicrobials from migrating into food, great effort has
been paid to substituting naturally occurring antimicrobials with those found in synthetic
ones. Bacteriocins are ribosomal-generated antimicrobial peptides made by bacteria that
can prevent or eradicate other closely related bacteria from multiplying [55]. The various
types of sustainable antimicrobial materials derived from animal and microorganism
sources are updated, and future trends are examined, along with their compositions, traits,
antimicrobial mechanisms, and food applications. Despite their impressive properties,
more research is needed to confirm the materials” safety and effectiveness.

3.4. Chemical Antimicrobial Agent

As an antibacterial, organic acids and their salts are used in food packaging. Sorbic,
propionic, lactic, acetic, and benzoic acids make up the majority of organic acids. By
transferring nutrients and metabolizing them, they compromise the integrity of microor-
ganisms’ cell membranes and macromolecules [56]. Inorganic, organic, and biologically
active compounds are among the antimicrobial agents employed in the creation of antimi-
crobial packaging materials [57]. The implementation of organic acids as antimicrobial
agents in the food material depends on several characteristic properties of the acids, such
as the chemical formula, physical form, pKa value, molecular weight, minimum inhibitory
concentration, nature of the microorganism, buffering properties of the food, and acid—food
exposure time [58]. These tests have shown that it is possible to make antimicrobial pack-
aging from substances that are already used in the food business, typically in the form of a
nanocomposite film. One of the biggest issues with the adoption of new technologies is
the rise in production costs. With only minor changes to the production lines, the industry
will adopt new technologies that can be reverse-engineered from the ones already in use.
These adjustments may result from new rules, projections of higher earnings, shifts in
public opinion and demand, or other factors [59]. The second most popular polysaccharide
utilized to make edible films and biodegradable packaging is cellulose. It is available from a
wide range of bacterial sources. Acidic hydrolysis can produce cellulose nanocrystals from
bacterial cellulose (BC) from Gluconacetobacter xylinus. The factors limiting the applicability
domains include the low mechanical performance and the lack of water resistance. The
antimicrobial agent is applied to the cellulose to boost the added value of the packaging ma-
terials [60]. Organic acids, which are widely used in the industry for diverse purposes [61],
can be generated by numerous microorganisms; the biological manufacture of organic acids
via microbial fermentations has advantages over the chemical production techniques, such
as cost-effectiveness, practicality, reliability, environmental friendliness, sustainability, and
reduced carbon footprints (Table 2).
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Table 2. Commonly used organic acids in the food industry.

Organic Acids Antimicrobial Action Reference
Malic acid L. monocytogenes, S. gaminara [62]
Phenyllactic acid E. cloacae [63]
Propionic acid E. coli and Salmonella [64]
Citric acid Sh. flexneri [65]
Sorbic acid Yeast and mold [66]
Oxalic acid Escherichia coli [67]
Acetic acid Shigella [68]
potassium sorbate Bacteria and molds [69]
Sodium citrate Listeria, bladder, and Escherichia coli [70]
Allyl isothiocyanate E. coli [71]

4. Potential Applications of Antimicrobial Packaging in Food

Antimicrobial agents are useful for many applications, including packaging and
the pharmaceutical industry (Figure 1). Recently, there has been a huge growth in the
need for biodegradable and renewable materials for packaging applications. There is
a market demand for healthy and natural food products, and the strict guidelines to
prevent infectious diseases that are spread by food; recalls have inspired researchers to
develop new methods of delivering antimicrobials, which should lead to enhancing the
food products’ quality and safety over the course of storage. A promising type of active
food packaging that is still in its infancy is antimicrobial packaging. Regulations for food
packaging require a fresh strategy. Although promising, antimicrobial food packaging
currently only has a few applications. This is as a result of the tested additives” status
as authorized substances [71]. Furthermore, microbial activity is a major concern in the
food packaging sector. Therefore, using antimicrobial agents or polymers to create barrier-
enhanced or active packaging materials offers a desirable option for guarding against the
growth and spread of microorganisms on food [72]. The use of an antimicrobial agent
should be combined with biodegradable packaging materials for a more thorough approach.
This is due to the fact that the use of biodegradable packaging films is currently a highly
recognized global trend, particularly when the biodegradable components are generated
from renewable resources. The application of antimicrobial agents in different food systems
is briefly represented in Table 3.

Table 3. Antimicrobial agents” antimicrobial efficacy in various dietary products.

Antimicrobial Agent Food Product Targeted Microorganism Reference
triclosan Meat Triclosan, S. aureus, B. thermosphacta [73]
wasabi extract AM Raw meat E. coliand 5. aurets, fungi A. niger, [74]
P italicum.
Olive leaf extract cheese S. aureus [75]
L. monocytogenes, E. coli, E. faecalis,
Grape seed extract pork loin E. faecium, S. typhimurium, and B. [76]

thermosphaceta B2
vacuum-packed cured meat products  Enterobacteriaceae, Serratia liquefaciens,

Chitosan and cinnamaldehyde (bologna, cooked ham, and pastrami) and Lactobacillus sakei [77]
Corn zein Ready-to-eat chicken L. monocytogenes [78]
Pimento EOs Beef muscle slices Pseudomonas spp. and E. coli O157:H7 [79]
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Figure 1. Various applications of antimicrobial agent.

Antimicrobial packaging is crucial for food packing as it may increase the shelf life and
ensure food preservation. In terms of food product and food packaging films, antimicrobial
packaging systems have offered various innovative technologies, among which one of the
trending and most focused systems is the concept of active packaging. One of the most
innovative active packaging technologies is antimicrobial packaging, which has several
uses, including oxygen-scavenging packaging and moisture-controlling packaging [79].
In this sector, there is growing interest in edible packaging films due to environmental
concerns of synthetic polymer-based packaging materials. The concept of biodegradable
active packaging has been improved with edible packaging films with antibacterial coatings.
On the surface of food goods, they have been employed to lessen and prevent the growth
of germs through chemical and physical mechanisms. An antimicrobial packaging (AM)
system seeks to safeguard packaged foods against various microbes [80].

Nanocrystalline cellulose (CNC) and cellulose nanofibers (CNFs) are biopolymers that
are abundantly available in nature, biodegradable, non-toxic, and renewable. They can
be extracted from lignocellulosic plants or produced by microbes. Nanocellulose (NC),
which has a high surface-to-volume ratio and special physicochemical characteristics such
as surface chemistry, high crystallinity, mechanical strength, and morphology in nanometer
structures, enhances the packaging properties of nanocomposites such as coatings and
nanofillers in films (81). On the other hand, the industry could also benefit from the creation
of gelatin and other biodegradable films by using less water, solid waste, electricity, and
emissions. Additionally, biopolymer-based films have a strong matrix and compatibility
that makes it possible for antimicrobial and antioxidant agents to be incorporated into
the film and perform their respective tasks for extending the shelf life, functionality, and
safety of food products (82). Research was conducted earlier (83) to create smoke-flavored
antimicrobial packaging using coconut fiber manufactured from Litsea cubeba oil at 0.03%,
0.06%, and 0.09% w/w mixed with wood smoking for 30, 45, and 60 min. The goal was
to extend the shelf life of dried fish and check the antibacterial effect and smoky flavor.
Aspergillus niger was completely prevented from sprouting on the outermost layer of dried
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fish by the prepared packaging material. Additionally, the treated packaging produced
volatile compounds to keep dried fish fresh for at least 21 days at room temperature (30 °C)
without the growth of bacteria or mold.

Future studies are likely to combine biopreservatives, biodegradable packaging mate-
rials, and naturally produced antimicrobial agents, which will highlight a wide variety of
antimicrobial packaging in regards to food safety, longevity, and environmental friendli-
ness. A helpful technology in antimicrobial packaging systems successfully charges the
antimicrobial properties within the food packaging film medium and eventually produces
it over the necessary period of time to kill the harmful microbes influencing food prod-
ucts [81]. The use of natural antibacterial chemicals is one of the new technologies that
has gained popularity because it has no hazardous or unfavourable impacts on consumers.
A study [82] has proven that the allyl isothiocyanate (AITC) from ground mustard seeds,
when incorporated in designing active antimicrobial packaging, possesses the ability to in-
hibit the growth of microorganisms. PHB, PLGA, and starch derivatives all have properties
that make them suitable for various antimicrobial packaging agents. In biomedical and
food applications, they have been examined for both harmful and spoilage microorganisms
under various testing settings [83]. The perfect AM polymer films should therefore satisfy
a number of key requirements, with the ease and affordability of the AM film production
process being the most crucial in the food business. Second, for long-term use and storage,
the films must be chemically stable. As a water barrier and to preserve the AM effect during
the packing period, the AM film must also be durable. It is crucial that the packaging
materials for AM do not release dangerous particles into food and are safe to handle.
However, due to factors including inadequate understanding regarding the effectiveness of
AM in polymer films, economic impact, consumer acceptance, and a lack of particular rules
surrounding active packaging, the development and deployment of natural AM active
packaging is constrained.

The antimicrobial packaging system is a hurdle to preventing degradation of total
quality of packaged food, providing protection against microorganisms. The application of
preservative hurdles like low storage temperature, the addition of antimicrobials and/or
antioxidants, water activity, pH, and high-pressure processing with alternative packaging,
such as modified atmospheres, has generally shown the potential to further extend the
shelf life of food products, as diagrammatically represented in the above Figure 2. The
Figure 2 describes the hurdle technology in terms of moisture barrier, oxygen barrier and
antimicrobial barrier to improve the life span of packed food. Contrary to popular belief,
biodegradable packaging can be created from both bio-based and plant-based materials.
The strength and molecular makeup of a material’s polymer chain determine its capacity to
degrade, not its origin [84]. In addition to serving as packaging, biodegradable packaging
has a number of uses in the food industry, including extending the shelf life of packaged
foods and slowing the growth of microorganisms that come into direct contact with food. In
addition to being antibacterial, the packaging is also sanitizing and self-sterilizing. In order
to increase shelf life and guarantee the microbial safety of fresh and minimally processed
produce during storage, a number of antimicrobial packaging systems have been created.
These systems deliver a continuous and controlled release of the active antimicrobial
substances into the package [85]. A recent study created antibacterial and antiviral films,
where silver ions were successfully integrated into polylactide acid (PLA) films [86]. These
films have been utilized to package lettuce samples contaminated with Salmonella enterica.
Six days of storage at 4 °C resulted in a 4 logCFU reduction in S. enterica in packaged lettuce.
A polymer matrix capable of spreading antimicrobial chemicals uniformly is necessary
for the production of antimicrobial packaging films. Although the scientific literature
frequently reports on the antibacterial and antioxidant properties of nanomaterials and
plant extracts in different polymer combinations [87], in order to do this, it has become
more advantageous in recent years to produce antimicrobial films using biodegradable
material as opposed to non-degradable material.
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Figure 2. Hurdle technology in antimicrobial packaging system.

5. Nanotechnological Interventions of Green Antimicrobial Packaging

The purpose of packaging is to maintain the quality and texture, protect from con-
tamination by germs, chemicals, and physical agents, and create a consumer-friendly
presentation. Additionally, current approaches to environmentally friendly NP synthesis,
based on the use of plant extracts and biomolecules as reducing and complexing agents in
nanocomposite films, have demonstrated significant potential for palatable, biodegradable,
and sustainable packaging [88]. A paradigm change from various chemical-based tech-
nologies to a greener and more sustainable approach has been brought about by growing
environmental concerns. Recent discussions have focused on the development and poten-
tial of multifunctional nanocomposites based on antimicrobial agents in both the academic
and industrial sectors. Nanotechnologies are rising very fast and gaining great popularity
to support the benefits of the preservation of foods [89]. Nanoparticle-infused inorganic
and metal oxides are also being explored. Due to their high stability and effective antibacte-
rial properties, metal oxide-based nanoparticles such as ZnO, MgO, CuO, and TiO, have
been investigated for use as antimicrobial agents in food packaging [90]. Recent green
nanotechnological interventions combine biological sources, cleaner solvents, recyclable
materials, and energy-saving procedures to create nanoparticles for use in food processing,
packaging, and preservation (Figure 3). Many studies have already been conducted on
various nanofillers derived from diverse sources, and more studies are being conducted to
identify nanofiller-reinforced bionanocomposites that can be successfully applied for food
packaging applications [91]. Additionally, a number of cutting-edge nanoencapsulation
technologies have been created that use a number of biocompatible delivery systems as a
carrier for a number of bioactive and nutritious components to enable regulated release
and improved stability for food processing and preservation [92].

In the food packaging industry, new antimicrobial, antioxidant, and sustainable sys-
tems have been vigorously promoted as a viable eco-friendly alternative to conventional
materials for improving the quality and safety of food products while minimizing or elimi-
nating their negative environmental effects (Figure 4). The encouragement of more effective
assembly and subsequent release of environmentally friendly active principles is made
possible by the use of nanotechnologies, which also limits the usage of chemicals in terms
of associated financial losses. Nanotechnology has the potential to completely alter the
situation and satisfy the growing demand for global sustainability. Nevertheless, applying
sustainable management measures that also take a nanotechnological approach to the full
agri-food chain, from the plant to the food items, may be of interest.
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Figure 4. Application of nanotechnology in food packaging industry.

The usage of nanoparticles in food packaging, on the other hand, is anticipated to grow
to USD 20 billion by 2020, according to the European Institute for Health and Consumer
Protection [93]. The protection of the antimicrobial packaging against early inactivation
in the food matrix and the regulated release of the drug, allowing a potential extension
of shelf life, would be some benefits of nanotechnology [94]. As a result, nanotechnology
has great promise for enhancing food safety and serving as an effective vehicle for the
delivery and regulated release of natural antimicrobials [95,96]. Recently, the potential
presented by a multifunctional system approach including sustainable supplies and greener
methodologies was studied in connection to poly (lactic acid) (PLA)-based composites made
using microcrystalline cellulose mixed with silver nanoparticles. Various stabilizing issues
can be effectively solved by incorporating nanosized metals into biodegradable polymer
matrices, which also allows for a controlled antibacterial effect [97]. The ability to make use
of nanotechnology is considered compatible with the large-scale; roll-to-roll manufacturing
of nanocomposite PLA films, as required by packaging technology, is provided by the
simplicity of nanoparticle creation and the fact that they are obtained as a dispersion [98].
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In the 1990s, research on the application of innovative packaging solutions, including
those utilizing nanomaterials, nanocomposites, etc. [99], conducted a biological experiment
against Pseudomonas spp. in which it was concluded that the suggested nanocomposites
have strong antibacterial activity, making them a desirable nanomaterial.

6. Sustainable Contribution to the Society

The imminent threat that climate change poses to our society is constantly discussed
in the media, but humanity’s current use of resources is still not in line with the goal
of sustainable development. In order to overcome the problems, changing how food is
consumed is essential. A significant portion of the impact is attributable to agriculture and
food production, and this is also true for food consumption. The enormous breakthrough
that is globalization and the subsequent economic development are among the results of
society’s ongoing evolution and search for new solutions. Environmental considerations are
now being given more weight in package development trends worldwide. Unfortunately,
after being used, the packaging becomes waste, which can have a negative impact on
the environment, which is why these concepts are also increasingly taken into account
by companies from the packaging industry. In order to prevent the loss of goods, the
packaging industry is intended to be transformed into one that is environmentally and
socially conscious through the introduction of certain legislative requirements. According to
SPA (an American organization, the Sustainable Packaging Coalition), packaging should be
safe, effective, efficient, and cyclical [100]. Manufacturers are searching for novel solutions
by developing creative biodegradable packaging materials or employing renewable raw
materials in order to adapt the industry to the current requirements and changes. However,
improving certain areas related to production, use, or disposal can sometimes be time- and
labor-intensive, but not impossible.

Plastics are one of the most commonly utilized materials in the creation of packaging
on a global scale, largely because of their adaptability and versatility. Contrary to popular
belief, they are particularly well-suited for the creation of sustainable packaging since they
offer protection, are long-lasting, and because of the package’s light weight, they lower
transportation costs and related greenhouse gas emissions. Additionally, they are easily
moldable into any shape [101]. Unfortunately, they are often not managed properly after
use and this is a global problem. Paper goods are utilized extensively in the creation of
packaging all around the world in addition to plastics. They produce unit packaging,
wrappings, labels, and, most importantly, transport packaging. Their biodegradability is
their main selling point. Unfortunately, this process results in the production of methane, a
greenhouse gas [102].

Sustainability is a multifaceted concept. In packaging, there are five fundamental
categories as the cornerstones of sustainable packaging, i.e., society, environment, economy,
development, and time, which are outlined in Figure 5 [103]. Due to the antimicrobials’
absorption into the polymeric matrix, the previous non-compostable oil-derived polymers
were replaced with antimicrobial biodegradable packaging materials, which presented
additional issues. By improvising this, we can enhance the packaging system present on
the market, but they should also be constantly improved and adapted to the changing
requirements of the market, society, or the environment, as well as to the state and develop-
ment of the packaging industry. More and more businesses are making efforts to transform
the packaging sector into one that is socially and environmentally conscious. They take
into account packaging from an economic, social, ethical, and environmental perspective.
The answer for the various problems lies in rebuilding our industrial systems so that they
are intrinsically sustainable rather than trying to mitigate their negative elements. More
sustainable packaging will be a key component of such future systems.
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Figure 5. Sustainable packaging solution for the circular economy.

7. Conclusions and Future Prospects

Efficiency and innovation in packaging technologies have become a key component of
the new regulations used to ensure food preservation and protection due to the constantly
increasing demand for minimally processed food products and the resulting expansion of
the market for those products. Due to the addition of the antimicrobial compounds into
the polymeric matrix, compatibility between diverse components, and ease of degrada-
tion by heat and light, the antimicrobial biodegradable packaging materials that replaced
conventional non-compostable oil-derived plastics presented new hurdles. The use of
antimicrobial components in the packaging such as natural bioactive compounds, peptides,
nanoparticles, etc., in food packaging helps to prevent undesirable changes in the food
during storage, such as off flavors, color changes, or the occurrence of any foodborne
outcomes. It also ensures controlled release over an extended period to improve the quality
of food under observation and, overall, improves the quality in terms of value for money
for the customers. While all of these antimicrobial packaging systems are somewhat suc-
cessful at maintaining fresh and minimally processed produce’s quality and ensuring its
microbial safety, more research and development are required to increase the antimicrobial
effectiveness of the current packaging technologies, find more potent natural antimicrobial
compounds, increase the stability of natural antimicrobials in the packaging system, and
guarantee the safety of their commercial application. When using nanoparticles in food
products, thorough toxicity studies, safety precautions, and exploration of nano-based an-
timicrobial packaging techniques must be undertaken. The fundamental benefit of adding
antimicrobial components to food packaging materials is that they gradually release into
the food surface, allowing for continuous antibacterial activity and extending the shelf life
of the food. However, more research on the in vitro and in vivo performances of this active
packaging material is required in order to define regulation in this context. The develop-
ment of techniques and technologies aimed at preserving food products and enhancing
food safety and quality can still take advantage of this promising field. Future research is
needed to increase the longevity and effectiveness of novel antimicrobial packaging materi-
als because some antimicrobials (such as essential oils) have a high loss rate due to inherent
volatilization. The limits of what is practical for sustainable packaging will continue to be
pushed by advancements in design, production, and recycling technology. Researchers are
working arduously to contribute to the most advanced solution for this issue.
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Abstract: This narrative review paper provides an up-to-date overview of the potential of novel
synthetic and semisynthetic compounds as antibacterials that target virulence traits in resistant
strains. The review focused on research conducted in the last five years and investigated a range of
compounds including azoles, indoles, thiophenes, glycopeptides, pleuromutilin derivatives, lactone
derivatives, and chalcones. The emergence and spread of antibiotic-resistant bacterial strains is
a growing public health concern, and new approaches are urgently needed to combat this threat.
One promising approach is to target virulence factors, which are essential for bacterial survival and
pathogenesis, but not for bacterial growth. By targeting virulence factors, it may be possible to reduce
the severity of bacterial infections without promoting the development of resistance. We discuss the
mechanisms of action of the various compounds investigated and their potential as antibacterials.
The review highlights the potential of targeting virulence factors as a promising strategy to combat
antibiotic resistance and suggests that further research is needed to identify new compounds and
optimize their efficacy. The findings of this review suggest that novel synthetic and semisynthetic
compounds that target virulence factors have great potential as antibacterials in the fight against
antibiotic resistance.

Keywords: antibiotic resistance; virulence factors; novel synthetic compounds; biofilms; antibacte-
rial activity

1. Introduction

Antibiotic resistance is a major global health challenge, threatening the efficacy of cur-
rently available antibiotics [1]. The emergence and spread of multidrug-resistant bacteria
underscore the urgent need for new antibacterial agents that can overcome resistance mech-
anisms [2]. Estimates indicate that, annually, over 2 million infections caused by resistants
strains occur worldwide, with as many as approximately 30,000 fatal outcomes in the USA
alone and USD 5 billion in health care assets allocated to this issue. At the beginning of the
21st century, a list of pathogenic microorganisms that showed different levels of resistance
to antimicrobial agents was released, and it included Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobac-
ter spp. The list is also known as the famous register of ESKAPE pathogens. Traditional
antibiotics target bacterial growth, which can lead to the development of resistance through
the acquisition of mutations or the transfer of resistance genes [3]. In contrast, compounds
that target bacterial virulence traits, such as biofilm formation, quorum sensing, and motil-
ity, may be less prone to the development of resistance [4]. Bacterial infections remain a
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significant challenge in public health, and the emergence of antimicrobial resistance (AMR)
has further complicated the treatment of bacterial infections [5]. Despite the availability
of many antibiotics, the prevalence of bacterial infections caused by multidrug-resistant
bacteria has increased alarmingly. One strategy to overcome AMR is to target the virulence
traits of bacterial pathogens, which are distinct from traditional antibiotic targets [6]. Vir-
ulence factors are the attributes that enable pathogens to cause disease in a host, such as
adhesion, invasion, colonization, and the secretion of toxins and enzymes [7]. Therefore, the
inhibition of virulence factors is a promising approach to combating bacterial infections [8].

The virulence traits of resistant bacteria have received increasing attention in recent
years. Biofilm formation is one of the important virulence factors that contribute to bacterial
resistance [9]. Biofilms are complex communities of microorganisms that are encased in
a self-produced extracellular matrix, which confers resistance to antibiotics and immune
defense mechanisms [10]. Bacteria can cause disease by producing agents known as viru-
lence traits, which are specific compounds produced by bacteria that allow them to evade
the host’s immune system response. Virulence traits such as quorum sensing, motility, and
iron acquisition have also been reported to be involved in the pathogenicity and antibiotic
resistance of bacterial pathogens. As well as adhesins, invasins, and antiphagocytic factors,
toxins, hemolysins, and proteases are among the agents that cause harm to the host [11].

A variety of natural and synthetic compounds have been reported to possess anti-
virulence activity against resistant bacteria. Among them, azoles, indoles, thiophenes,
glycopeptides, pleuromutilin derivatives, lactone derivatives, and chalcones have been
found to exhibit promising antivirulence activity [12-15]. These compounds target various
virulence factors and interfere with the pathogenicity of bacterial pathogens (Figure 1),
thus enhancing the efficacy of antibiotics and reducing the emergence of resistance.
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Figure 1. Group of compounds that target virulence traits in resistant bacteria.

Chalcones are a class of natural and synthetic compounds that have been shown to
inhibit bacterial biofilm formation and quorum sensing [16]. Azoles, including pyrazoles,
oxadiazoles, and triazoles, have been extensively studied as antifungal agents, but recent
studies have shown that they also have antibacterial activity against resistant strains [17].
Coumarins have been found to inhibit bacterial quorum sensing and motility [18], while
indoles and thiophenes have also shown potential as quorum sensing inhibitors [19]. Quino-
lines have been proposed as inhibitors of bacterial type II topoisomerases and have shown
activity against multidrug-resistant bacteria [20]. Terpenoids, including triterpenoids and
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other scaffolds, have been mainly studied as semisynthetic analogues with promising
antibacterial activity [21]. Glycopeptides, such as vancomycin and teicoplanin, have been
widely used as antibiotics, but semisynthetic analogues have been developed to over-
come resistance mechanisms [22]. Pleuromutilin derivatives, including retapamulin and
lefamulin, have been approved for clinical use and have shown efficacy against resistant
strains [23]. Finally, albocyclin and other lactone derivatives have shown activity against
Gram-positive and Gram-negative bacteria, including resistant strains [24].

Targeting virulence traits is an attractive strategy to combat resistant bacteria. The use
of compounds that target virulence factors can complement traditional antibiotic therapies,
leading to enhanced efficacy and reduced resistance. Therefore, continuous research on the
development of anti-virulence compounds and their mechanisms of action is crucial in the
fight against AMR. In this review, we discuss recent studies on synthetic and semisynthetic
compounds with antibacterial activity, focusing on their ability to target virulence traits in
resistant strains. We also highlight the potential of these compounds to overcome antibiotic
resistance mechanisms and suggest directions for future research. The presented review
article mainly summarizes the progress in this field in the last 5 years, but its also covers
some older important data. The fresh perspectives of compounds newly identified as
potential therapeutics targeting virulence factors are presented, along with the established
antimicrobial properties of certain novel compounds and the repurposing of existing
antibacterial/antifungal therapeutics.

2. Indoles

Indoles, a widespread naturally occurring class of alkaloid compounds, are not only
important bacterial intercellular signal molecules, but also a crucial component of the
amino acid tryptophan. They are a particularly intriguing class of compounds covering a
range of pharmacological activities, including antiinflammatory, antihistaminic, antitumor,
antioxidative, and antidiabetic properties. Research covering this topic is quite important
due to the versatile nature of indole compounds, which may lead to numerous chemical
modifications, i.e., presenting possibilities for drug development. With respect to the
subject of this review, their antibacterial potential, particularly their targeting of virulence
factors, is thoroughly elaborated herein.

In the following section, we present the antibacterial potential of selected indole-
derived compounds against clinically relevant strains, namely the causative agents of
urinary and skin infections as well as gastroenteritis-causing bacteria. According to Balcerek
et al. [25], commercial compounds, such as 5-halo-1H-indole-2-carboxylic acids, (Figure 2)
were efficient against a panel of bacterial strains, particularly Listeria monocytogenes. The
obtained results indicated that this activity may be used for the development of medicines
in the treatment of listeriosis in cases when resistance/allergy is present. Along with
these results, assays also showed that indol-2-one (Figure 2) with a morpholinosulfonyl
component acted as a potent inhibitor of the DNA gyrase of both Gram-positive and Gram-
negative bacteria, with activity against S. aureus even better than ciprofloxacin (ICsy values
18.75 uM and 26.43 pM, respectively) [26]. Furthermore, Alzahrani et al. [27] showed
that novel derivatives of the compound thiazolo-indolin-2-one exerted rather promising
antibacterial activity, with a noteworthy ability to affect virulence traits such as biofilm
formation in S. aureus (ATCC 29213) and P. aeruginosa (biofilm inhibition concentration
(BICs50) of 1.95 ng/mL and 3.9 pug/mL, respectively). As for the ability to affect traits of A.
baumanii, literature data indicate that d-pyrimido[4,5-b] indole derivatives show inhibitory
potential against this pathogen in the range of 0.25-1 gmL~! [28]. Furthermore, 3-amino
indoles (Figure 2), 4-hydroxy-2-pyridone derivatives containing indolyl, 2-hydrazino2-
imidazoline, and bis-indolyl methane Schiff bases have also been identified as potential
antimicrobial agents that may also inhibit the growth of MDR A. baumanii. Recent research
conducted by Raorane et al. [29] showed that halogenated indole 5-iodoindole (Figure 2)
promptly affected the development and motility of A. baumannii, disrupted its biofilm
formation, and eventually eradicated this pathogenic microorganism as effectively as
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ciprofloxacin and gentamicin. This was achieved via the development of ROS, which
had a profound influence on the integrity of the plasma membrane, eventually leading
to a loss of bacterial viability. Furthermore, the tested compound turned out to be verry
effective against Escherichia coli and S. aureus but did not influence the viability of P.
aeruginosa. According to Kim et al. [30], indole and its derivatives also proved efficient in
the inhibiting single-species and multi-species biofilms of the acne-forming bacterial skin
strains Cutibacterium acnes and S. aureus, with 3,3'-diindolylmethane as the most potent
inhibitor. The obtained results indicated that indole-derived compounds may be useful in
developing efficient skin treatments related to the tested bacteria.

NH O NH
/ O
X OH

5-halo-1H-indole-2-carboxylic acid indol-2-one
NH NH
I
NH,
3-aminoindole 5-iodoindole

Figure 2. Chemical structures of 5-halo-1H-indole-2-carboxylic acid, indol-2-one, 3-amino indole,
and 5-iodoindole.

The eradication of the nosocomial pathogen Enterococcus faecalis has been shown to be
quite challenging in recent years, with biofilm development and resistance to antibiotics
as the two main causes. Hence, new treatments are urgently needed, particularly those
affecting these two traits. A study by Tatta et al. [31] showed that the indole terpenoid
compound rhodethrin (Figure 3) in combination with chloramphenicol disrupted the
overall formation of biofilm, which may lead to the easier and more effective treatment of
vancomycin-resistant E. faecalis.

NH
O
HO
HO
o) CH;
Rhodethrin

Figure 3. Chemical structure of rhodethrin.

Nosocomial urinary infections related to catheter application are most often caused
by Proteus mirabilis. Due to biofilm development, they have been increasingly harder to
treat, leading to a demand for novel and efficient treatments. Hence, Amer et al. [32]
developed new Foley catheters impregnated with indole compounds (indole extract from

136



Antibiotics 2023, 12,963

the supernatant of the rhizobacterium Enterobacter sp. Zch127) in order to disrupt the
biofilm formation of Proteus mirabilis. The results showed a reduction in the formation of
biofilm of 60-70% in terms of biomass, which was confirmed by the expression of virulence
genes responsible for biofilm formation, while genes that regulate the formation of capsular
polysaccharides were not affected. The catheters were considered safe for use, since they
had no cytotoxic effects on fibroblasts. Along with nosocomial P. mirabilis, uropathogenic
E. coli is a common inhabitant of the human urinary tract, leading to recurrent infections.
The recurrence rate depends on the pathogen’s ability to infiltrate the urinary epithelium
and evade host defense mechanisms. Boya et al. [33] demonstrated that 4-chloroindole,
5-chloroindole, and 5-chloro 2-methyl indole may profoundly impact biofilm formation at
an average dose of 20 g/mL by as much as 67%, along with their ability to reduce bacterial
motility, necessary for colony dispersal. A more in-depth study showed that the tested
compounds affected the expression of genes related to adhesion and toxin production,
which may be of importance in managing clinical manifestations of these health conditions.

Due to their ability to regulate internal environments by removing toxic substances,
efflux pumps are an important target when considering the development of new drugs.
According to Cernicchi et al. [34], indole derivatives could also have wide-ranging applica-
tions in this area, which could increase their use in clinical practice.

Along with the fact that indoles are highly active against pathogenic microorganisms of
clinical relevance, they have also been shown to be very efficient in targeting virulence traits
of Agrobacterium tumefaciens. This may be rather important with respect to the economy,
since this microorganism is known as a plant pathogen causing significant lossess in various
crops. As Ahmed et al. [35] demonstrated in their study, among 83 indole derivatives that
were tested against A. fumefaciens, 4-chloroindole, 6-iodoindole, and 5-chloro-2-methyl
indole inhibited its growth at doses as high as 50 g mL~!. Furthermore, they also affected
virulence factors such as swimming motility, the production of exopolysaccharide and
exoprotease, and cell surface hydrophobicity and biofilm formation.

Besides issues with various crops, the aquaculture sector also faces a serious problem
resulting from bacterial infections. In terms of money, losses resulting from vibriosis—a
disease caused by Vibrio campbelli—are quite substantial. This has inevitably led to the
development of novel and sustainable strategies required for managing problems in the
aquaculture industry. One of these is the evaluation of indole analogs” activity against
V. campbellii, probably the main bacterial pathogens in aquaculture. Out of 44 tested com-
pounds, 17 halogenated indoles (including 6-bromoindole, 7-bromoindole, 4-fluoroindole,
5-iodoindole, and 7-iodoindole) have been shown to affect the virulence traits of V. camp-
bellii. Furthermore, they have been found to increase the survival of brine shrimp, used
as a valid in vivo system model, by over 80% at 10 mM, as well as to affect virulence
traits such as swimming motility and biofilm formation (at concentrations of 10 mM and
100 mM), whereas only mild inhibition was achieved with the tested concentrations re-
garding protease activity. The absence of hemolytic activity was observed using the tested
concentrations [36]. Similar antibacterial virulence-targeting activity was previously ob-
tained for Vibrio tasmaniensis LGP32 and Vibrio crassostreae ]2-9, used as two model infections
of bivalves [36], which indicates that this strategy may be very useful in developing antivir-
ulence therapy. The control of Vibrio parahaemolyticus, a potential cause of gastroenteritis
brought on by the consummation of raw sea food, is also becoming increasingly important,
since a certain amount of healthcare expenses have been directed towards treating this
condition. In their study, Sathiyamoorthi et al. [37] demonstrated that halogenated indole
derivatives (4-chloroindole, 7-chloroindole, 4-iodoindole, and 7-iodoindole) strongly in-
fluence some of the virulence factors of V. parahaemolyticus: for example, 4-chloroindole
inhibited biofilm formation by 80% at a MIC of 50 g/mL, whereas 100 g/mL terminated its
viability within the first 30 min of activity. As it turned out, the position of the halogenated
substituent in indole core determines its extraordinary activity.

Though these results did not highlight the potential of indole compounds to target bacterial
virulence factors, recent data published by Li et al. [38] showed that 5-methylindole instantly
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eradicated several bacterial strains, including S. aureus, E.faecalis, E. coli, P. aeruginosa, methicillin-
resistant S. aureus, K. pneumoniae, and Mycobacterium tuberculosis.

3. Azoles

Azole derivatives are heterocyclic compounds comprised of a nitrogen atom and at
least one other non-carbon atom (such as nitrogen, sulfur, or oxygen) as part of the ring.
They encompass a wide number of derivatives, such as thiadiazole, oxadiazole, triazole,
imidazole, isoxazole, and pyrazole. Mainly known as antifungal agents, azole derivatives
demonstrate many other biological properties, including antidiabetic, immunosuppressant,
antiinflammatory, and anticancer activities. Even though they were initially used for the
treatment of fungal infections, various azole-containing compounds have been shown
to inhibit the growth of bacteria as well, via a different mode of action. In fungi, azoles
mainly inhibit the production of ergosterol—an essential component of the fungal plasma
membrane—whereas in bacteria, their activity is based on the fact that the attachment of
azole to bacterial flavohemoglobin (protein) eventually leads to the increasing production
of ROS, which have fatal effects on bacterial viability [39].

Due to their versatility in chemical structure and biological activities, azoles have
been widely investigated in pharmacochemistry, but they still present surprises. According
to Srikanth et al. [28], azole compounds are highly efficient against A. Baumanii, which
is of great importance considering that this multi-drug-resistant pathogenic microorgan-
ism belongs to the infamous ESKAPE group. In particular, naphthalimide-containing
nitroimidazoles with decyl-piperazine exerted strong activity against A. baumannii (MIC
0.013 MmL’l) and, combined with norfloxacin, eradicated even the resistant strains. Addi-
tionaly, ammonium containing imidazoles also showed antimicrobial potential. The same
study demonstrated that the type of the modification as well as the substituent determines
the level of antimicrobial properties. Thus, the presence of 4-Br-phenol modification in-
creased activity against A. baumanii, whereas a hydrophobic n-butyl chain on the phenyl
ring decreased activity against the same pathogen. The absence of a halogen molecule is
generally reflected through a decrease in bioactivity.

Along with this growing trend of repurposing already available therapeutics, Olaifa
et al. [40] also investigated the ability of itraconazole and fluconazole (Figure 4) to target
specific virulence factors. The ability to disrupt biofilm formation in A. baumanii was
demonstrated in the abovementioned study, which clearly indicated that azole compounds
may very well be underinvestigated in terms of their antibacterial and virulence-targeting
potential. This was also previously demonstrated by Qiu et al. [41]—using Streptococcus
mutans clinical isolates as model organisms, clotrimazole and econazole (Figure 5) inhibited
its growth at 12.5 and 25 mgL !, respectively. Furthermore, they were able to inhibit
biofilm production, which undoubtedly demonstrated that these antifungal medicines may
also target bacterial virulence factors.

Numerous data dealing with the antibacterial potential of antifungal drugs have been
presented in the last two years. Even though these drugs do not target virulence factors, the
results are noteworthy, favoring the repurposing of antifungal drugs as novel antibacterials.
For example, Nasr et al. [42] demonstrated that a pyrazole derivative (der. 30) proved
to be more effective against Pneumocystis vulgaris and K. pneumoniae than sulfisoxazole
and gentamycin. Among 4-(4-formyl-3-phenyl-1H-pyrazol-1-yl)benzoic acid derivatives,
some of the identified compounds showed antibacterial activity against A. baumanii with
an MIC of 4 ug/mL [28]. Furthermore, according to Gomes et al. [43], of twenty-one
freshly synthesized 1,4-naphthoquinones linked to 1,2,3-1H-triazoles, four (9e, 9h, 9i and
9j) proved to possess antibacterial activity against S. mutans from oral cavities with IZs of
18.66-29.00 mm. The results also showed no toxic effects for these compounds, which possi-
bly increases their potential for application in practice. 1,2 4-triazolidine-3-thiones (Figure 6)
exerted antibacterial activity against the ESKAPE list of pathogenic bacteria. Furthermore,
binaphthyl-1,2,3-triazole peptidomimetics were efficient against A. baumannii with an MIC
of 4 g/mL. Along with this, cationic biaryl 1,2,3-triazolyl peptidomimetic derivatives mod-
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erately inhibited the growth of A. baumannii [28]. Antibacterial but not virulence-targeting
activity was also demonstrated in a study by Sapijanskaite-Banevic et al. [44]. In order
to create substituted 1-phenyl-5-oxopyrrolidine (Figure 6) derivatives with benzimida-
zole, oxadiazole, triazole, dihydrazone, and dithiosemicarbazide moieties in the structure,
p-aminobenzoic acid (Figure 6) was employed. Using different assays, the antimicrobial
activity of each drug was assessed in vitro against S. aureus, Bacillus cereus, L. monocytogenes,
Salmonella enteritidis, E. coli, and P. aeruginosa. This work demonstrated the potent bacterici-
dal effects of benzimidazoles and derivatives of amino acids, with some of the compounds
exceeding the activity of ampicillin. In the field of medicinal chemistry, combining two or
more pharmacological groups into a single molecule is a new approach to drug discov-
ery [45]. As demostrated by Dawoud et al. [46], a novel group of heterocyclic compounds
merged using a indazolylthiazole moiety was evaluated for their antimicrobial potential.
The obtained results showed that four of the compounds exhibited antibacterial effects, with
the strongest activity observed against Streptococcus mutans and P. aeruginosa. Furthermore,
these novel compounds showed virulence-targeting activity, with high antibiofilm poten-
tial. Srikanth et al. [28] also suggested that aminothiazolyl berberine (Figure 6) affects the
activity of the DNA gyrase of MDR A. baumannii strains, exerting remarkable activitiy at an
MIC of 2 nmol/mL. Among oxazole/benzisoxazole-based compounds, N-(2-(1H-imidazol-
4-yl)ethyl)-2-(2,3-dihydroxyphenyl)-N-hydroxy-5-methyloxazole-4-carboxamide showed
antibacterial activity against A. Baumannii, with an MIC of 2 pg/mL (strains UNT190 and

UNT197) [28].
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Figure 4. Chemical structures of itraconazole and fluconazole.
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Figure 5. Chemical structures of clotrimazole and econazole.
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Figure 6. Chemical structures of 1,2 4-triazolidine-3-thione, 1-phenyl-5-oxopyrrolidine, p-aminobenzoic
acid, and aminothiazolyl berberine.

4. Thiophenes

Thiophenes and related derivatives are rather versatile heterocyclic compounds with
various applications in medicine and drug discovery. With a wide range of bioactive
properties, they have been shown to possess remarkable anti-inflammatory, antianxiety,
antimicrobial, antioxidant, and other activities. Furthermore, they have long been present
on the market as commercial therapeutics, for example, tipeptidine, dorzolamide, and
citizolam. However, only data relating to the scope of this review (i.e., antibacterial activity)
are presented here. According to Rando et al. [47], 5,5'-dinitro-2-(2,3-diaza-4-(2'-tienyl)buta-
1,3-dienyl)thiophene (Figure 7) possesses promising antituberculosis activity, as it inhibited
the growth of pathogenic Mycobacterium avium and M. kansasei. This compound showed
notable levels of mutagenicity as well, which limits its potential for application in clinical
practice. Moreover, antimicrobial activity against S. aureus was observed by Scotti et al. [48],
achieved by targeting RNA polymerase.
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Figure 7. Chemical structures of 5,5'-dinitro-2-(2,3-diaza-4-(2'-tienyl)buta-1,3-dienyl)thiophene,
2-amino-3-carbethoxy-6-N methyl piperidino thiophene, and thiophene-2-carboxamide.

According to Ramalingam et al. [49], 2-amino-3-carbethoxy-6-N methyl piperidino
thiophene (Figure 7) was used as a starting point for the synthesis of novel compounds
to be tested for their antibacterial potential using the Kirby—Baurer method. Among the
tested compounds, twelve were found to be potent against B. subtilis and E. coli.

The most recent research of Metwally et al. [50] indicated that thiophene-2-carboxamide
(Figure 7) derivatives showed antibacterial properties, with S. aureus, B. subtilis, E. coli, and
P. aeruginosa being the most susceptible to the activity of the tested compounds. While the
results showed no indication of targeting virulence factors, the very fact that the novel
synthesized compounds possessed microbicidal activity with no targeted virulence factors
whatsoever suggests that there is still hope for old-fashioned drugs as antimicrobials.

The types of activity against pathogenic bacteria presented by indoles, azoles, and
thiophenes are presented in Table 1.

Table 1. Selected compounds and their type of activity against pathogenic bacteria.

Group of Compounds Compound Bacteria Type of Activity Reference
5-halo-1H-indole-2-
Indole carboxylic Listeria monocytogenes Inhibits the growth of bacteria [25]
acids
indol-2-one with .
Indole morpholinosulfonyl Staphylococcusaureus Inhibitor of DNA gyrase [26]
S. aureus (ATCC 29213)
Indole thiazolo-indolin-2-one P. aeruginosa (ATCC Inhibits biofilm formation [27]
9027)
Indole d-pyrimido[4,5-b] indole Acinetobacter baumanii Inhibits the growth of bacteria [28]
Indole 3-amino indoles Multi-drug resistant Inhibits the growth of bacteria [28]
A. baumanii
4-hydroxy-2-pyridone . .
Indole derivatives containing Multi-drug resistant Inhibits the growth of bacteria [28]
. A. baumanii
indolyl
Indole 2-hydrazino2-imidazoline Multi-drug resistant Inhibits the growth of bacteria [28]
A. baumanii
Indole bis-indolyl methane Multi-drug resistant Inhibits the growth of bacteria [28]

A. baumanii
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Table 1. Cont.

Group of Compounds Compound Bacteria Type of Activity Reference
A baumanii. Escherichia Inhibits the growth of bacteria,
Indole 5-iodoindole ' e decreases motility, disrupts [29]
coli, S. aureus o .
biofilm formation
Indole 3,3'-diindolylmethane Cutlbz;ct;;;zzumsacnes Inhibits the growth of bacteria [30]
Indole indole terpenoid . Enterococcus faecalis Inhibits biofilm formation [31]
compound rhodethrin
indole extract from the
Indole | superna tant of the Proteus mirabilis Inhibits biofilm formation [32]
rhizobacterium Enterobacter
sp. Zch127
4-chloroindole, . .
Indole 5-chloroindole, E. coli ]?i?scfﬁai:i?jfcifrer??ér?nztclilé;y [33]
5-chloro 2-methyl indole p
Decreases swimming motility,
. the production of
4-chloroindole, Agrobacterium exopolysaccharide and
Indole 6-iodoindole, 8 . PO [35]
5-chloro-2-methyl indole tumefaciens exoprotease, and cell surface
hydrophobicity and
biofilm formation
. V. tasmaniensis LGP32 Decreases swimming motility,
Indole indole and V. crassostreae J2-9 inhibits biofilm formation [36]
4-chloroindole,
Indole 7-chloroindole, V. parahaemolyticus Inhibits biofilm formation [37]
4-jodoindole, and P Y
7-iodoindole
Azole naphthahmlc}e-contammg A. baumannii Inhibits the growth of bacteria [28]
nitroimidazoles
Azole ftraconazole and A. baumannii Inhibits biofilm formation [40]
fluconazole
Azole clotrimazole, econazole Streptococcus mutans Inhibits biofilm formation [41]
Pneumocystis vulgaris o .
Azole pyrazole 30 Klebsiella pneumoniae Inhibits the growth of bacteria [42]
1,4-naphthoquinones
Azole . linked to 1,2,3-1H- S. mutans Inhibits the growth of bacteria [43]
triazoles—compounds (e,
9h, 9i, and 9j)
Azole bmapht}.\yl-l,2,3-tr.1azole A. baumannii Inhibits the growth of bacteria [28]
peptidomimetics
heterocycle compounds
with indazolylthiazole . 1 .
Azole moiety S. mutans, P.aeruginosa Inhibits biofilm production [46]
(compounds 2, 3,7, and 8)
N-(2-(1H-imidazol-4-
yl)ethyl)-2-(2,3-
Azole dihydroxyphenyl)-N- A. baumannii Inhibits the growth of bacteria [28]

hydroxy-5-methyloxazole-
4-carboxamide
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Table 1. Cont.

Group of Compounds Compound Bacteria Type of Activity Reference
5,5'-dinitro-2-(2,3-diaza-4- Mucobacterium avium
Thiophene (2/-tienyl)buta-1,3- Y . Inhibits the growth of bacteria [47]
. . M. kansasei
dienyl)thiophene
2 -amino-3-carbethoxy-6-N B. subtilis
Thiophene methyl piperidino ‘E coli Inhibits the growth of bacteria [49]
thiophene '
Thiophene thiophene-2-carboxamide S. aureus, B. subtilis, Inhibits the growth of bacteria [50]

E. coli, P. aeruginosa

5. Pleuromutilin Derivatives

Pleuromutilin (Figure 8), a diterpenoid secondary metabolite with a tricyclic structure,
was initially discovered in Pleurotus passeckerianus and P. mutilis mushrooms in 1951 [51].
This compound and its derivatives demonstrated strong antibacterial efficacy against
Gram-positive bacteria, mycoplasma, and chlamydia [52] by interacting with the peptidyl
transferase core (PTC) of bacterial ribosomes and blocking protein synthesis [53,54].
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Pleuromutilin Lefamulin

Figure 8. Chemical structures of pleuromutilin and lefamulin.

Pleuromutilins bind to the PTC and compete for binding with the 16-atom macrolide
and peptidyltransferase inhibitor carbomycin (but not with the 14-atom macrolide ery-
thromyecin) [55], inhibiting the formation of peptide bonds [56]. The X-ray crystallography
of ribosome-drug complexes was used to identify the precise nature of pleuromutilin
binding to the ribosome [57].

Four semi-synthetic derivatives of pleuromutilin have so far received approval for use
in the treatment of infectious disorders, including lefamulin (Figure 8) for the treatment
of adult community-acquired bacterial pneumonia (CABP) [58], tiamulin and valnemulin
for use in veterinary medicine, and retapamulin for use as an antibiotic in the treatment
of human skin infections [59,60]. Lefamulin is the only pleuromutilin derivative that has
been demonstrated to inhibit the S. aureus cfr (chloramphenicol-florfenicol resistance gene)
strain [61].

Chemists have worked very hard to create pleuromutilin derivatives due to its unique
mechanism of action and promising antibacterial properties [62].

The gene cluster for pleuromutilin has been described and functionally characterized
with regard to its production [63]. The creation of new pleuromutilin-based antibiotics will
be aided by the identification of new pleuromutilin derivatives [64].
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Lefamulin interferes with the peptidyl transferase center of the 50S ribosome by
specifically binding at the A- and P-sites, blocking the formation of peptide bonds. This
interferes with the production of bacterial proteins [54].

Lefamulin uses a special induced fit mechanism to close the binding pocket within
the ribosome, ensuring the tight binding of the drug to the target site, even though this
mechanism of action is similar to that of the oxazolidinones and can actually compete
with the phenicols for the same binding site [54]. This is a unique strategy for preventing
bacterial peptide chain elongation, especially with the creation of the first peptide bond;
however, lefamulin is ineffective once elongation has begun [65]. With the exception of
M. pneumoniae, lefamulin presents bacteriostatic characteristics against the majority of
species [66]. Lefamulin has exhibited action against all aerobic Gram-positive organisms,
except E. faecalis [54].

Likewise, methicillin-resistant S. aureus (MRSA), heterogeneous VISA (hVISA), vancomycin-
resistant S. aureus (VRSA), penicillin-resistant S. pneumoniae (PRSP), MDR S. pneumoniae, and
vancomycin-resistant E. faecalis (VRE) are among the resistant Gram-positive organisms against
which lefamulin is effective [54,67,68].

Tiamulin and valnemulin (Figure 9) attach to the bacterial 50S ribosomal subunit to
prevent protein synthesis. It has been shown that these medications interact with 23S
RNA’s domain V and are potent inhibitors of peptidyl transferase, leaving distinct chemical
traces at the nucleotides A2058-9, U2506, and U2584-5. All of these nucleotides are at or
near the PTC and have been linked to the binding of several antibiotics. The majority of
them are well conserved both phylogenetically and functionally [69].
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Figure 9. Chemical structures of tiamulin, valnemulin, and retapamulin.

These two compounds can bind alongside the macrolide erythromycin but compete
with the macrolide carbomycin, which is a peptidyl transferase inhibitor, according to
competitive footprinting. In order to impede the proper placement of the CCA ends of
tRNAs for peptide transfer, these two chemicals interact with the rRNA in the peptidyl
transferase slot on the ribosomes. Although ribosomal protein uL3 is located adjacent
to the tiamulin binding site without coming into contact with the medication, tiamulin
only interacts with rRNA residues [70]. Accordingly, tiamulin binds to the 50s subunit’s A
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site, and the acetic acid tail extends to the P site, interfering with the formation of peptide
bonds [70].

Retapamulin (Figure 9) is a pleuromutilin antibiotic that blocks the formation of the
50S ribosomal unit in bacteria, hence inhibiting the production of proteins [71]. It is effective
against Gram-positive pathogens, and since 2007, a topical preparation has been licensed
in the US for treating skin and soft tissue infections in adults and children older than
9 months [72].

Retapamulin has demonstrated remarkable in vitro and in vivo action against MRSA
and MSSA strains of S. aureus in prior studies [73] and has also shown good outcomes
against mupirocin-resistant MRSA [72].

6. Albocyclin and General Lactone Derivatives

A class of substances known as lactones is commonly present in nature [74]. Chemi-
cally, they can be categorized as variously sized intramolecular esters of hydroxycarboxylic
acids. The most prevalent are the lactones with five- and six-membered rings due to the
stability of the ring structure [75]. However, alternative ring sizes of lactones can also be
extracted from natural sources or produced chemically [76].

Lactones are a very fascinating group that demonstrates various significant biological
characteristics as a result of its diversity [77].

The main structure of the lactones group has recently been modified to create new
analogs with stronger or different responses. These new analogs can exhibit a toxic ef-
fect on the cells of pathogenic bacteria and serve as an alternative to the widely used
antibiotics [78].

It is known that bacteriostatic properties are exhibited by substances in which the
lactone moiety is present in a small ring, e.g., xanthatin [79], a bicyclic lactone isolated from
Xanthium pensylvanicum and X. strumarium, which is active against S. aureus, including
MRSA -resistant methicillin strains [80].

Several strains of Streptomyces produce albocycline—a 14-membered macrolactone
(Figure 10) [81]. This compound has shown in vitro antimicrobial activity against MRSA
and VRSA equipotent to vancomycin [82,83]. Despite this, albocycline may represent a
solution for the treatment of infections caused by S. aureus species.

Albocycline

Figure 10. Chemical structure of albocycline.

A structural motif in the macrolide family of antibiotics, the 14-membered macro-
lactone of albocycline indicates that it targets the bacterial ribosome and thereby inhibits
translation [84].

Albocycline, however, blocks the incorporation of radiolabeled N-acetylglucosamine
([3H]GIcNACc) into the peptidoglycan (PG), the protective polymer surrounding bacterial
cells, according to research by Tomoda et al. The first component of bacterial PG pro-
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duction, N-acetylglucosamine (UDP-GIcNAc), accumulates as a result of albocycline’s
inhibition [82,85].

Due to albocycline’s non-toxicity in mice and humans, in vivo investigations have
suggested increased interest in the drug for potential therapeutic uses. Using human
HepG2 hepatocellular liver cancer cells, the authors of [85] showed that albocycline was
not harmful to human cells at a final concentration of less than 64 g/mL [83].

7. Glycopeptides

A class of non-ribosomal cyclic or polycyclic peptides known as glycopeptide an-
tibiotics prevents the formation of Gram-positive bacterial cell walls. These substances
function as substrate binders (of cell-wall precursors) as opposed to active-site enzyme
inhibitors, unlike other antimicrobial classes [86-88].

By attacking lipid II (which represents a peptidoglycan-repeat unit that is related
to the lipid transporter), glycopeptide antibiotics prevent Gram-positive bacteria from
synthesizing PG. As a result, the lipid transporter shared by peptidoglycan and wall
teichoic acid (WTA) biosynthesis, bactoprenol phosphate, cannot be recycled [89]. With each
contributing almost 50% of the dry cell-wall weight, PG and WTA are two important parts
of the cell wall. Through host attachment, colonization, infection, biofilm development,
and the recruitment of penicillin-binding proteins (PBPs) to the septum during cell division,
WTA plays a significant role in the pathogenicity of microbes [90]. Consequently, it serves
as a desirable target for the creation of new antibiotics [89].

The oldest member of the class is vancomycin (Figure 11), while the more recent lipogly-
copeptide derivatives oritavancin, teicoplanin, telavancin, and dalbavancin (Figures 12-15)
were developed specifically to boost antibacterial activity, sometimes via secondary modes

of action.
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The transglycosylation stage of PG production, which is necessary to replenish the
lipid transporter, is prevented by glycopeptide antibiotic binding to lipid II. Therefore,
for instance, when vancomycin is added to S. aureus during growth, Park’s nucleotide, a
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cytoplasmic PG-precursor, accumulates [91]. Vancomycin binding to lipid Il is an efficient
way to suppress both PG and wall teichoic acid biosynthesis in S. aureus [89], since C55
is present in a surprisingly low number of copies per bacterium [92] and is a shared
transporter needed in these processes [93].

Vancomycin is used to treat acute infections caused by Gram-positive organisms.
By attaching to the D-Ala-D-Ala terminus of lipid II, a PG precursor tethered to the
cell membrane by the lipid transporter bactoprenol-phosphate, vancomycin suppresses
the formation of PG (C55-P). To stop C55-P regeneration, vancomycin-bound lipid II is
sequestered from the PG biosynthesis transglycosylation step. Vancomycin’s sequestration
of lipid II causes the cytoplasmic buildup of Park’s nucleotide [91], a cytoplasmic PG
precursor, because C55 is present in bacteria in low concentrations [94]. When the dipeptide
is swapped out for a depsipeptide D-Ala-D-Lac, vancomycin is unable to attach to the
D-Ala-D-Ala terminus of lipid II in VRE [95].

As a result of investigating the structure—-activity relationship of chloroeremomycin
to combat vancomycin resistance, oritavancin was discovered [96], a semi-synthetic lipo-
glycopeptide that has potent antimicrobial effects against vancomycin-resistant organisms
such as VRE and S. aureus resistant to vancomycin (VRSA) [97].

Oritavancin is currently a top therapeutic option for treating serious infections brought
on by Gram-positive organisms that are multi-drug-resistant, such MRSA [89]. Orita-
vancin’s chemical composition differs from vancomycin’s due to the inclusion of a N-
alkylated chlorobiphenyl side chain in the drug sugar’s epivancosamine. In general,
adding a hydrophobic side chain to the glycopeptide disaccharide greatly increases the
medications’ overall effectiveness and revives their activity against vancomycin-resistant
bacteria. By using solid-state NMR to structurally characterize the binding site of these
disaccharide-modified glycopeptides in S. aureus [98] and E. faecium [99] intact whole cells,
it was discovered that the drug’s hydrophobic side chain creates a secondary binding
site. The lipoglycopeptides can target the cross-linked PG-bridge structure using this
secondary binding site to aid in binding [100]. Oritavancin’s binding to the developing PG
prevents transpeptidase from effectively recognizing the PG template, which is necessary
for effective PG cross-linking during cell-wall synthesis [101].

Teicoplanin is used to treat multidrug-resistant Gram-positive bacteria, such as MRSA
and Enterococci, that are responsible for life-threatening infectious illnesses [102]. This
glycopeptide antibiotic was initially isolated from Actinoplanes teichomyceticus, which was
identified in 1978 from an Indian soil sample [103].

Teicoplanin shares structural similarities with vancomycin but differs in that it does
not contain a lipid. Both antibiotics work by forming hydrogen bonds with the D-Ala-D-Ala
C-terminus of the pentapeptide substrate to prevent the formation of the peptidoglycan
chains that make up bacterial cell walls [104]. The hydrophobic lipid chain of this pen-
tapeptide substrate is also known to interact with teicoplanin, placing the antibiotic next to
the peptidoglycan [102,105].

Derivatives of teicoplanin have also been shown to form nanoscale aggregates in
aqueous solution [106], thereby achieving increased binding power [107].

The oral and topical routes of administration for teicoplanin may result in poor
permeability across the epithelial lining due to this concentration-dependent aggregation,
and the aggregated form may reduce effective concentrations on certain sites, necessitating
a higher dose and ultimately causing bacteria to develop resistance [108].

Another lipoglycopeptide derivative of vancomycin is telavancin (TD-6424). This
was developed as a cutting-edge treatment for MRSA and other resistant Gram-positive
bacterial infections [109]. The United States Food and Drug Administration (USFDA)
granted telavancin approval in 2009 for the treatment of difficult skin and skin structure in-
fections (cSSSIs) caused by Gram-positive bacteria, including MRSA, S. aureus, Streptococcus
agalactiae, S. pyogenes, the S. anginosus group, and E. faecalis [110,111].

Two modes of action for telavancin have been suggested. Telavancin achieves bacteri-
cidal activity by interacting with the C-terminal d-alanyl-d-alanine residue on bacterial cell-
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wall peptidoglycan precursors, just like vancomycin. This interaction significantly alters
the phases of cell-wall formation that include the polymerization of peptidoglycan (transg-
lycosylation) and subsequent cross-linking (transpeptidation) [112]. Telavancin is 10-times
more effective than vancomycin at inhibiting peptidoglycan production in intact MRSA
cells because it strongly inhibits peptidoglycan generation at the transglycosylase stage.

Furthermore, a second mechanism of action has been mentioned. The depolarization
of the bacterial cell membrane is involved, which affects how the cell membrane functions.
Given that so few other glycopeptides are thought to function in this way, this dual method
of action is of special importance [109]. The interaction of the lipophilic decylaminoethyl
moiety of telavancin with the lipid bilayer of the bacterial cell membrane is thought
to be the process by which telavancin disrupts cell membranes, albeit this is not fully
understood [113]. Telavancin’s affinity for lipid II, a molecule found in bacterial cell
membranes, is facilitated by this lipophilic substance.

By disrupting the bacterial cell-wall transglycosylation pathway rather than the bacte-
rial cell-wall transpeptidation mechanism, where vancomycin preferentially binds, tela-
vancin is able to enter the bacterial cell with ease [114].

According to reports, lipid II binding is necessary for telavancin to cause membrane
depolarization in S. aureus. This might not, however, accurately reflect the crucial phase of
bacterial membrane disruption [115]. The loss of potassium ions and cytoplasmic adenosine
triphosphate (ATP) may also be related to membrane depolarization. Telavancin’s faster
bactericidal impact compared to vancomycin may be caused by this alternative method of
action, which only affects bacterial cell membranes and not mammalian cells [112].

Dalbavancin is a semisynthetic derivative of teicoplanin. It is active against most
pathogenic Gram-positive organisms, including Streptococcus spp., E. faecalis, E. faecium,
MSSA, MRSA, and vancomycin-intermediate S. aureus. However, it has poor activity
against vancomycin-resistant S. aureus and VRE [116].

Similarly to vancomycin and other glycopeptides, dalbavancin inhibits cell-wall for-
mation by interacting with the D-alanyl-D-alanine terminus in the bacterial cell-wall pepti-
doglycan and blocking cross-linking.

In the USA and Europe, acute bacterial skin and skin structure infections (ABSSSIs)
are the only conditions for which dalbavancin is currently licensed [117].

8. Chalcones

Due to the hues of the majority of naturally occurring chalcones, the name “chalcone”
was derived from the Greek word “chalcos”, which means “bronze”. 1,3-diaryl-2-propen-1-
one (Figure 16), also referred to as chalconoid, is a chemical building block shared by all
chalcone molecules. The trans isomer is thermodynamically more stable than the cis isomer.
Through the use of plants and herbs for the treatment of many diseases, such as cancer,
inflammation, and diabetes, chalcones have been applied therapeutically for thousands of
years. Several chalcone-based substances have received clinical use authorization.

¢
=

1,3-diaryl-2-propen-1-one
Figure 16. General structure of 1,3-diaryl-2-propen-1-ones.

Chalcones are a class of natural and synthetic compounds that have shown promis-
ing antivirulence properties against a variety of pathogenic bacteria. With the rise of
antibiotic-resistant strains, there is an urgent need to develop alternative therapies that
target virulence factors of bacteria, rather than traditional bactericidal approaches. In recent
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years, several studies have investigated the antivirulence potential of chalcones in resistant
bacterial strains.

Several studies have investigated the activity of chalcones against multidrug-resistant
Pseudomonas aeruginosa and found that they were able to inhibit the expression of virulence
genes involved in quorum sensing, motility, and biofilm formation [118,119].

Furthermore, a study on Acinetobacter baumannii, a notorious multi-drug resistant
pathogen, showed that chalcones exhibited significant antivirulence activity by modulating
gene expression, biofilm formation, and virulence traits [120].

These studies suggested that chalcones have potential as antivirulence agents against
resistant bacterial strains by targeting various virulence traits. However, further studies
are needed to evaluate the efficacy of chalcones in vivo and their potential as a therapeutic
option for antibiotic-resistant infections.

Overall, it can be concluded that, since virulence factors are essential for the infection
of the host, techniques employed to prevent this process from initiating and search for
novel bioactive compounds with these properties are rather appealing.

Along with the synthetic and hemi-synthetic compounds elaborated in this review
article, numerous naturally derived compounds have also demonstrated great potential
as efficient virulence-targeting compounds. Dehydroabietic acid showed considerable
potential against several pathogenic microorganisms, especially Pseudomonas syringae pv.
actinidiae, Xanthomonas oryzae pv. oryzae, and Xanthomonas axonopodis pv. citri [121]. Further-
more, for some natural compounds, a mode of action has even been proposed. For example,
the exposure of Serratia marcescens to hordenine (25, 50, and 100 g/mL) reduced the syn-
thesis of acyl-homoserine lactones and prevented the development of biofilms. It also
increased the susceptibility of preformed biofilms to commercial antibiotic ciprofloxacin
by lowering extracellular polysaccharide production and altering membrane permeability.
Additionally, the presence of hordenine downregulated expression and affected genes asso-
ciated with biofilm and QS [122], which may be explored in other matrices. Additionally,
even though some compounds do not exert anti-QS activities per se, they can sometimes be
easily modified into compounds that do exert various bioactivities, as was argued by Du
et al. [123]. This comprehensive review article offered new research solutions; proposed
novel strategies; and compared existing results, leading to new conclusions.

9. Future Perspectives

The use of novel synthetic and semisynthetic compounds that target virulence factors
as antibacterials presents a promising avenue for combating antibiotic resistance. However,
there are several challenges that need to be addressed in order to fully realize the potential
of this approach. One of the challenges is the identification of new compounds with
antibacterial potency that can target virulence factors. Despite recent progress in this area,
many of the compounds that have been investigated are not yet ready for clinical use. The
process of discovering, developing, and testing new compounds can be time-consuming
and expensive, and there is a need for new screening methods and assays to identify
potential candidates more efficiently. Another challenge is the optimization of the efficacy
and safety of existing compounds. Many of the compounds that have been identified have
shown promising results in vitro, but their efficacy in vivo and safety in humans need
to be further evaluated. In addition, the development of resistance to these compounds
is a potential concern, and efforts must be made to prevent or delay the emergence of
resistance. Furthermore, there is a need for an improved understanding of the mechanisms
of action of these compounds. Many of the compounds that target virulence factors have
complex modes of action that are not yet fully understood. A deeper understanding of
these mechanisms could lead to the development of more effective compounds, as well as
the identification of new targets for antibacterial therapy.

There are ongoing clinical trials on novel antivirulence drugs that are trying to take the
next steps forward within this area, evaluating the safety and efficacy of novel synthetic and
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semisynthetic compounds. These trials are being conducted by pharmaceutical companies,
academic institutions, and government agencies around the world.

Despite the many challenges, the potential benefits of targeting virulence factors as a
strategy to combat antibiotic resistance are significant. By reducing the severity of bacterial
infections without promoting the development of resistance, this approach could help to
extend the lifespan of existing antibiotics and reduce the need for new ones. In addition,
the use of antibacterials that target virulence factors could help to reduce the burden of
antibiotic-resistant infections, which are a major public health concern.

10. Conclusions

The development of novel antibacterials that target virulence factors is an area of active
research aimed at addressing the global challenge of antibiotic resistance. The potential
benefits of these compounds lie in their ability to attenuate bacterial pathogenesis without
necessarily killing the bacteria, thus reducing selective pressure for resistance development.
While the field is still in its early stages, the progress made so far is promising. The
use of synthetic and semisynthetic compounds has emerged as an important strategy to
combat antibiotic resistance. The compounds reviewed in this paper—chalcones, azoles,
indoles, thiophenes, terpenoids, glycopeptides, pleuromutilin derivatives, and lactone
derivatives—have shown potential as antibacterials mostly targeting virulence traits in
resistant strains. Clinical trials evaluating the safety and efficacy of these compounds are
ongoing, and their results will provide critical insights into the role of virulence-targeted
antibacterials in the management of bacterial infections. However, given the complexity
of bacterial pathogenesis and the evolution of resistance mechanisms, the development
of novel antibacterials remains a challenging task. Further research is required to identify
novel targets and to optimize the efficacy and safety of these compounds. Additionally,
efforts are needed to overcome the regulatory and economic hurdles that often hinder the
development and commercialization of novel antibacterial agents.

The development of novel antibacterials that target virulence factors offers a promising
avenue for combating antibiotic resistance. While there is still much work to be carried
out, the progress made so far suggests that these compounds have the potential to play an
important role in the management of bacterial infections in the future.
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