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Abstract: Background/Objectives: Glutamic acid (GLA) is an essential amino acid with
a key role in human metabolism. A potential involvement in anticancer therapy and
possible antibacterial and anti-biofilm effects were also observed. Glutamine (GLN) and
monosodium glutamate (MSG) are GLA structural derivatives for which the last two ef-
fects were evaluated, with contradictory results. Therefore, this study aimed to assess
the antibacterial activity and the influence on the biofilm formation of GLA, GLN, MSG,
and glutamic acid diethyl ester (GLADE) on clinically relevant bacteria. Methods: Gram-
positive and Gram-negative bacterial reference strains were used to test the antibacterial
and anti-biofilm effects of GLA, GLN, MSG, and GLADE. The antibacterial properties
were assessed by detecting the minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC). The influence on biofilm formation was assessed by the
crystal violet method, reading the optical densities (ODs) by spectrophotometry. Results:
GLN did not demonstrate an inhibitory capacity at the maximum tested concentration
(2.86 mg/mL); GLA showed inhibitory activity at 1.76 mg/mL and 0.88 mg/mL; MSG
inhibited the growth of all bacterial strains at 112 mg/mL; GLADE had the most promising
results on all bacterial strains (MICs of 12.75 mg/mL and 25.5 mg/mL). GLADE showed
satisfactory MBC values on all bacterial strains (at 51 mg/mL and 25.5 mg/mL). Conclu-
sions: GLA and some structural analogues are attractive options for possible antibacterial
activity; optimizing GLADE to increase its antibacterial activity could be a new approach.

Keywords: glutamic acid; monosodium glutamate; glutamine; glutamic acid diethyl ester;
amino acids; antibacterial effect; biofilm formation

1. Introduction

Glutamic acid (GLA) and its derived amide, glutamine (GLN), are amino acids with
multiple metabolic implications in the human organism. The biochemical relationship
and the complexity of their metabolic pathways are the basis of the attempts to expand
their biological effect. The well-known metabolic interrelationships of GLA, GLN, and
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monosodium glutamate (MSG) addressed in the scientific literature and our previous
studies [1,2] contributed to a focus on new possible effects (e.g., the possible anticancer
effect of some GLA structural analogues [3,4] or the potential toxicity of MSG [1]).

Considering the documented potential of amino acids, more precisely GLA, to expand
their well-known role, our interest in deepening this topic has grown. Among their other
possible effects, the potential antibacterial activity and the influence on biofilm formation
were also targeted [5,6]. This topic is controversial-on one side, positive results were
obtained for the antimicrobial effect of some amino acids, and their synergistic effect with
other antibiotics is promising [6-9]; on the other hand, these amino acids are essential
for the functional integrity of bacteria. Amino acids are valuable nutritional sources for
the bacterial cell, contributing to its survival and biofilm development [10]. Thus, new
contributions to this topic are welcome to clarify and complete some uncertain aspects.

Also, our previous publications [3,4] highlighted the promising anticancer potential
of some GLA derivatives and created a shift in direction toward other possible effects
of these derivatives, which have been studied less in the scientific literature. One such
compound is glutamic acid diethyl ester (GLADE) (Figure 1), for which, to our knowledge,
no information related to the potential antimicrobial effect is published in the scientific
literature.
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Figure 1. The chemical structures of glutamic acid and its structural analogues (monosodium
glutamate, glutamine, and glutamic acid diethyl ester hydrochloride) targeted in this study.

Therefore, the objective of this study is the in vitro evaluation of the potential antibacte-
rial effect of GLA and some structural analogues (GLN, MSG, and GLADE) by determining
the minimum inhibitory concentration (microdilution method) and the minimum bacterici-
dal concentration, as well as their influence on the bacterial biofilm formation of several
Gram-positive and Gram-negative bacteria.

Since data on the influence of GLA and GLN on biofilm development are contradictory,
we aim to contribute new results to confirm or refute their ability to inhibit biofilm forma-
tion. The results can lead to a better understanding and clarification of the importance and
role of amino acids in bacterial survival. Also, we intend to bring new relevant data on the
possible antibacterial and anti-biofilm effects of MSG and GLADE. These two analogues
were poorly approached in experimental studies.

Therefore, our study could open up new research directions in the field by addressing
several key aspects: the evaluation of two compounds (GLA and GLN) that are commonly
included in such studies, particularly those focused on their synergistic effects with other
antibiotics, rather than their individual effects; the analysis of the impact of a controver-
sial compound (MSG) and a compound with limited coverage in the scientific literature
(GLADE); the assessment of the antibacterial effect and the influence on biofilm formation
of the four compounds on clinically relevant Gram-positive and Gram-negative bacteria.
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2. Results

2.1. Evaluation of the Antibacterial Effect (Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) Determination)

The results of the minimum inhibitory concentration (MIC) determination by the
microdilution method and the minimum bactericidal concentration (MBC) determination
are presented in Tables 1 and 2. After performing the MIC determinations, bacterial growth
was observed in all GLN-containing wells; for this reason, this compound was not included
in the MBC evaluation. Similar results are observed for GLA for Klebsiella pneumoniae and
Escherichia coli. The MIC values for GLA are either at the highest concentration tested or
the second highest, while the MBC values exceed the maximum concentration. MSG’s
MIC value corresponds to the maximum concentration selected, and the MBC exceeds
it for all six bacterial strains. For GLADE, the MIC value is generally the fourth highest
concentration (12.75 mg/mL, corresponding to 12.5% of the maximum concentration) for
most bacterial strains, except for K. pneumoniae and E. coli, where the MIC is 25.5 mg/mL,
corresponding to 25% of the maximum concentration. Regarding the MBC values for
GLADE, the results show that 25% of the maximum concentration (25.5 mg/mL) is typ-
ically required for bactericidal activity, except for MSSA, where 50% of the maximum
concentration (51 mg/mL) is needed.

Table 1. The minimum inhibitory concentrations (MICs) of glutamine (GLN), glutamic acid (GLA),
monosodium glutamate (MSG), and glutamic acid diethyl ester (GLADE) for selected bacterial strains.

MIC (mg/mL)
Bacterial Strain
GLN GLA MSG GLADE

Gram-positive
Staphylococcus aureus ATCC 29213 (MSSA) >2.86 1.76 112 12.75
Staphylococcus aureus ATCC 43300 (MRSA) >2.86 0.88 112 12.75
Enterococcus faecalis ATCC 700609 >2.86 1.76 112 12.75

Gram-negative
Klebsiella pneumoniae ATCC 25922 >2.86 >1.76 112 25.5
Escherichia coli ATCC 29213 >2.86 >1.76 112 25.5
Pseudomonas aeruginosa ATCC 27853 >2.86 1.76 112 12.75

Table 2. The minimum bactericidal concentrations (MBCs) of glutamine (GLN), glutamic acid (GLA),
monosodium glutamate (MSG), and glutamic acid diethyl ester (GLADE) for selected bacterial strains.

MBC (mg/mL)
Bacterial Strain
GLA MSG GLADE

Gram-positive
S. aureus ATCC 29213 (MSSA) >1.76 >112 51
S. aureus ATCC 43300 (MRSA) >1.76 >112 25.5
E. faecalis ATCC 700609 >1.76 >112 25.5

Gram-negative
K. pneumoniae ATCC 25922 - >112 25.5
E. coli ATCC 29213 - >112 25.5
P. aeruginosa ATCC 27853 >1.76 >112 25.5

2.2. Evaluation of the Influence of the Four Compounds on Biofilm Formation

The results of the influence of GLN, GLA, MSG, and GLADE on the biofilm formation
of all six selected bacterial strains are shown in Figures 2-5. Additionally, tables presenting
all the results corresponding to the graphical representations in Figures 2-5, shown as mean
=+ standard deviation, are included in the Supplementary Material (Tables S1-54).

GLN, GLA, and GLADE generally enhanced the biofilm formation ability of MSSA,
while MSG did not demonstrate any effect on this bacterial strain’s biofilm. The same effect
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was observed for GLN, GLA, and GLADE on MRSA; MSG did not influence MRSA biofilm
formation at higher concentrations. However, it had a slightly inhibiting activity at 25%
concentration (28 mg/mL) and a stimulating effect at lower ones. GLN and GLA generally
stimulated the biofilm formation of E. faecalis, while MSG presented this effect only at lower
concentrations, and neither negative nor positive effects were observed for GLADE. A general
tendency not to influence the biofilm formation of E. coli (by stimulation or inhibition) by any
of the four compounds was observed, with a few exceptions (especially for GLN). In contrast
with these results, a generally stimulating activity by the four compounds on K. pneumoniae
biofilm development was observed. The same characteristic was seen for P. aeruginosa, with
a few exceptions, especially for GLADE (a lack of influence on the bacterial biofilm for the
50-6.25% concentration range (51 mg/mL; 25.5 mg/mL; 12.75 mg/mL; 6.375 mg/mL)).

The influence of glutamine (GLN) on biofilm formation
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Figure 2. The influence of glutamine (GLN) on biofilm formation in all six Gram-positive and
Gram-negative bacterial strains, based on GLN concentration. The results are presented as
A-Index =+ standard deviation (A-Index being the ratio between the sample mean extinction and
the positive control mean extinction).

The influence of glutamic acid (GLA) on biofilm formation
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Figure 3. The influence of glutamic acid (GLA) on biofilm formation in all six Gram-positive
and Gram-negative bacterial strains, based on GLA concentration. The results are presented as
A-Index =+ standard deviation (A-Index being the ratio between the sample mean extinction and the
positive control mean extinction).
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The influence of monosodium glutamate (MSG) on biofilm formation
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Figure 4. The influence of monosodium glutamate (MSG) on biofilm formation in all six Gram-
positive and Gram-negative bacterial strains, based on MSG concentration. The results are presented
as A-Index =+ standard deviation (A-Index being the ratio between the sample mean extinction and
the positive control mean extinction).

The influence of glutamic acid diethyl ester (GLADE) on biofilm formation
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Figure 5. The influence of glutamic acid diethyl ester (GLADE) on biofilm formation in all six Gram-
positive and Gram-negative bacterial strains, based on GLADE concentration. The results are
presented as A-Index + standard deviation (A-Index being the ratio between the sample mean
extinction and the positive control mean extinction).

2.3. In Silico Evaluation of Glutamic Acid Diethyl Ester’s (GLADE’s) Properties as a Potential
Drug Candidate

The positive results of GLADE’s antibacterial activity led to the in silico analysis and
theoretical prediction of several specific properties, defining its profile and contributing to
new findings that could further highlight the potential of this compound. Based on GLADE’s
chemical structure, Table 3 presents a characterization of some physicochemical properties
and predictions of pharmacokinetic properties, drug-likeness and lead-likeness characteristics,
possible antibacterial activity, and toxicity assessed theoretically using computational methods.
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Table 3. In silico theoretical prediction of physicochemical and pharmacokinetic properties, drug-
likeness and lead-likeness characteristics, possible antibacterial activity, and toxic and adverse effects

of glutamic acid diethyl ester (GLADE) using several platforms and software.

Evaluated Property Predicted Results Platform/Software
Physicochemical properties
Molecular weight (MW) 203.24 g/mol
Heavy atoms (HA) 14
Csp3 fraction (the ratio between the number of
sp3-hybridized carbon atoms and the total 0.78
number of carbon atoms in the molecule) SwissADME
Rotatable bonds (RBs) 8
Hydrogen bond acceptors (HAccs) 5
Hydrogen bond donors (HDs) 1
Topological polar surface area (TPSA) 78.62 A2
Very soluble (ESOL)
Water solubility Very soluble (Ali)
Soluble (SILICOS-IT)
Log P 0.77 (Consensus Log P)
Pharmacokinetic properties
Gastrointestinal absorption High
Blood-brain barrier (BBB) permeation Negative
Substrate for P-glycoprotein (P-gp) Negative .
Inhibitor of CYP450 isoforms (CYP1A2; Neeative SwissADME
CYP2C19; CYP2C9; CYP2D6; CYP3A4) &
Skin permeation (Log Kp) —7.43 cm/s
Bioavailability (BD) score 0.55

Atom reactivity (sites involved in metabolism
via CYP3A4, CYP2D6, and CYP2C9 isoforms)

Cytochrome P450-mediated drug metabolism

Cyp3A4: C8 (the carbon atom linked to
the amino group)

Cyp2D6: C1 (the marginal carbon atom
from the ethyl group part of the ester
formed with the participation of the
carboxyl from the gamma position)
Cyp2C9: C8

e  Reactions at the primary site of
metabolism: N-dealkylation

e  Reactions at the secondary site of
metabolism: amine hydroxylation

e  Reactions at the secondary site of
metabolism: liphatic hydroxylation

e  Reactions at other sites of
metabolism: O-dealkylation

SmartCyp (version 3.0)

Toxtree (version 3.1.0.1851); the
sites of metabolism are predicted
by SmartCyp and used by Toxtree

Drug-likeness and lead-likeness
Drug-likeness

Lead-likeness

GLADE respects the rules of Lipinsky,
Muegge, Eagan, Ghose, and Veber
2 broken rules: MW < 250 and RB > 7

SwissADME

Antibacterial activity
Antibiotic glycopeptide-like
Antibiotic
Aureolysin inhibitor
Antimycobacterial
Antirickettsial
Anti-Helicobacter pylori
Bacterial leucyl aminopeptidase inhibitor
Aerobactin synthase inhibitor
Antibacterial (oftalmic)
Antibacterial
Antituberculosic
Antispirochetal
Cell wall synthesis inhibitor

Probability to be active (Pa) of 0.127
Pa of 0.099
Pa of 0.279
Pa of 0.344
Pa of 0.291
Pa of 0.267
Pa of 0.196
Pa of 0.195
Pa of 0.159
Pa of 0.214
Pa of 0.366
Pa of 0.190
Pa of 0.139

Pass online (version 2.0)
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Table 3. Cont.

Evaluated Property Predicted Results Platform/Software
Toxic and adverse effects
Cramer rules Class I (low toxicity)
Kroes TTC The substance would not be expected to Toxtree
be a safety concern
Carcinogenicity Negative for genotoxic and

In vitro mutagenicity (Ames test)

non-genotoxic carcinogenicity
No alerts for Salmonella Typhimurium
mutagenicity

3. Discussion

3.1. The Antibacterial Effect (Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC) Determination)

The MIC determination performed in our study for GLN indicated that a higher con-
centration than the maximum tested one is needed to exhibit a possible inhibitory effect on
bacterial growth for all tested strains. GLN did not show remarkable antibacterial effects in
the dose range chosen in this study. However, in similar doses, GLN has been reported to
increase the effectiveness of some co-administered antibiotics (gentamicin and L-GLN in
the case of MRSA, Listeria monocytogenes, and Corynebacterium diphtheriae~Gram-positive
bacteria) [8]. The GLN—ciprofloxacin combination has also been reported to have a syn-
ergistic effect in a study involving mice with septic shock induced by P. aeruginosa. The
administration of the GLN—ciprofloxacin combination led to the following effects com-
pared to an untreated control group: the increased survival rate of experimental animals,
an increase in the serum levels of interleukin IL10 (inhibitor of some pro-inflammatory
cytokine production) and of the heat shock protein HL-70 (with a role in decreasing the
inflammatory response and cell preservation in high stress), decreased TNF-alpha serum
levels, and liver necrosis severity [11]. Additionally, when L-GLN was combined with
gentamicin, it was suggested that L-GLN might have disrupted the ApH and increased cell
membrane permeability, which enhanced the uptake of gentamicin, leading to bacterial
death. At the same time, L-GLN treatment reduced reactive oxygen species levels through
glutathione, thereby increasing the sensitivity of MRSA to gentamicin [8].

Encouraging MIC determination results were observed for GLA in the present study,
especially for Gram-positive bacteria, highlighting the concentration of 0.88 mg/mL for
MRSA. For MSSA and E. faecalis, a concentration of 1.76 mg/mL was needed to demonstrate
the inhibitor effect of GLA. The same concentration (1.76 mg/mL) was sufficient for the
growth inhibition of P. aeruginosa but not for other Gram-negative bacteria.

While some experimental studies in the scientific literature demonstrate the antibac-
terial effects of GLA or GLN, either alone or in combination with traditional antibiotics,
the independent mechanism by which they exert their antibacterial action is poorly un-
derstood. The antibacterial effects of several amino acids were documented for different
Gram-positive and Gram-negative bacterial strains. An example in which the structure
of D-GLA was exploited for this purpose is the synthesis and evaluation of an inhibitor
(based on the structure of this amino acid) of MurD and MurE ligases involved in the
peptidoglycan synthesis of E. coli and S. aureus. The inhibition of MurD in E. coli and S.
aureus was observed at half-maximal inhibitory concentration (IC50) values of 8.2 and
6.4 tM and of MurE at IC50 values of 180 and 17 uM [12]. Antimicrobial agents based on
the structure of some amino acids are also reported by Nowak et al. (2021) [13].

A mixture of D-Cysteine, D-Aspartic acid (D-Asp), and D-GLA and a mixture of L-
Cysteine, L-Aspartic acid (L-Asp), and L-GLA at a concentration of 40 mM can prevent the
growth of Streptococcus mutans. D-amino acids are an essential component of the cell wall
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peptidoglycan. During its synthesis, the incorporation of exogenous D-amino acids into the
peptide side chains, replacing the terminal D-alanine, can directly impact the cross-linking
of glycan strands, thereby influencing the strength and flexibility of the peptidoglycan.
Additionally, D-amino acids are not typical metabolites in bacterial cells, so introducing
exogenous D-amino acids may disrupt normal cellular metabolism [6,7]. In another study,
it was concluded that when a mixture of amino acids, including GLA, was tested for its
effects on the antibacterial functions of human peripheral blood neutrophilic granulocytes,
the amino acids enhanced the bactericidal activity of neutrophils against S. aureus at a
neutrophil-bacteria ratio of 10:1 [14].

At the same time, exploiting the synergistic effect of L-GLA or a mixture of amino acids
in combination with other antibacterial compounds can lead to favourable results [6]. Also,
a mix of D-amino acids, including D-GLA, along with antibiotics such as gentamicin or
amoxicillin, led to a decrease in the dose of the antibiotic (increasing the potency) to achieve
the antibacterial effect [7]. Depending on the optical activity, there could be differences in
the antibacterial effects of amino acids, but additional studies are needed to clarify this
aspect. Similar effects were observed in studies addressing this topic for D- and L-amino
acids [15].

Polygamma-glutamic acid (PG) was also included in studies to evaluate its antibac-
terial effect. A dose of 150 mg/mL of PG was tested (through a disc diffusion test) on a
series of pathogens, with subsequent MIC determination. The most pronounced effect
was observed against S. aureus and L. monocytogenes, while the Gram-negative bacteria
presented resistance. The best results were obtained against S. aureus with a MIC value of
16.125 mg/mL [16]. PG with different molecular masses was also tested against the E. coli
bacteria; antibacterial activity was demonstrated with the MIC values decreasing with an
increase in the molecular mass of PG (while maintaining the same culture conditions). It
was concluded that the antibacterial effect is exerted by damaging the microbial cellular
structure, primarily the cell wall [17]. PG’s hydrophilic and anionic nature may explain its
antibacterial activity since hydrophobic interactions between the cell wall and a substrate
would enhance microbial adhesion, subsequently leading to bacterial proliferation [18].

Antimicrobial peptides are a class of small peptides that widely exist in nature, usually
consisting of 12-100 amino acid residues; they display rapid and potent antimicrobial activ-
ity against various pathogens, such as bacteria, fungi, parasites, and viruses [19,20]. They
play a crucial role as effector molecules in the innate immune systems of both prokaryotic
and eukaryotic organisms. Antimicrobial peptides could exert their microbicidal effects
by disrupting the microbial cell membrane but also through intracellular action. Anionic
peptides, often rich in GLA and aspartic acid, generally contain five to seventy amino acid
residues and carry a net charge of —1 or —2. Studies have shown that these anionic pep-
tides exhibit enhanced potency against Gram-positive and Gram-negative bacteria when
combined with synergistic cationic antimicrobial peptides and Zn?*. The cationic peptides
facilitate a cationic linkage between the anionic peptide and the microbial cell membrane,
allowing the anionic peptide to be transported to intracellular targets without causing
damage to the membrane structure. These anionic peptides primarily target ribosomes
within the cell, inhibiting ribonuclease activity, which leads to microbial cell death [19].

MSG showed similar effects on the six bacterial strains at the maximum concentration
tested for the MIC determination (112 mg/mL). Although the range of concentrations
tested in this study for MSG is increased compared to those of GLN and GLA, this range
was chosen based on experimental study data in which the concentration of MSG subjected
to successive dilutions was 100 mg/mL (a concentration close to the one used in our
study). The selected Gram-negative bacteria in our study coincide with those in the
study of Bhuvaneswari et al. (2015) [5]. However, in their experiment, the inhibitory
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activity of MSG was observed only on P. aeruginosa (at the concentration of 100 mg/mL).
Among the Gram-positive bacteria considered in our study, S. aureus was also evaluated by
Bhuvaneswari et al. (2015) [5], but no positive results were found in their case.

Among the tested compounds, GLADE provided promising results for the MIC
value for all tested bacterial strains. GLADE inhibited all Gram-positive bacterial strains’
activity at 12.75 mg/mL. The same results were obtained for P. aeruginosa; a 25.5 mg/mL
concentration of GLADE had an inhibitory effect on other Gram-negative bacterial strains.
Although GLADE is a structurally simple derivative of GLA, there is limited detailed
information in the scientific literature regarding its potential biological effects, particularly
its antibacterial properties. Our findings suggest that GLADE could act as a non-NMDA
antagonist of GLA [21]. GLADE is considered a partially effective antagonist of glutamate-
induced neuronal excitations. It is particularly effective in the hippocampus, inhibiting
GLA’s action and reducing evoked field potentials. Given the hippocampus’ crucial role in
certain forms of learning, these findings led to a hypothesis that GLADE may interfere with
learning processes [22]. Therefore, although no recent data are available on the antibacterial
effect of GLADE, the potential antagonistic relationship between GLADE and GLA may
provide a foundation for future explanations of this activity, however, further studies
are necessary.

GLN was excluded from the MBC evaluation because it did not inhibit bacterial
growth even at the highest tested concentration; this phenomenon also occurred in the case
of GLA for K. pneumoniae and E. coli strains. Although GLA showed positive results of
bacterial inhibition for the concentrations of 1.76 mg/mL and 0.88 mg/mL for some bacteria,
MBC exceeded the maximum concentration selected for each strain. Therefore, although
a concentration of GLA is sufficient to inhibit bacterial growth, higher concentrations are
necessary to manifest the bactericidal effect. The same results were observed for MSG
against all selected bacterial strains. The same trend was observed for GLADE-higher MBC
values versus MIC values when assessed against Gram-positive bacteria and P. aeruginosa
(but with values in the tested concentration range); the MIC value was identical to the MBC
value for K. pneumoniae and E. coli.

3.2. The Influence on Biofilm Formation

Bacteria can be found in both planktonic and biofilm states in the environment. Bac-
terial biofilms are described as fixed bacterial populations enclosed in self-produced ex-
tracellular polymers, capable of living and reproducing as a collective entity known as a
colony [23-26]. These structured bacterial community cells use a variety of mechanisms
to coordinate activity within the community and across species [27]. The biofilm matrix,
usually consisting of exopolysaccharides, nucleic acids, proteins, and lipids, helps the
bacterial cells within biofilms adhere to each other but also to a substrate or material
surface [10,23,28,29]. In addition to providing structural support for biofilms, this matrix
protects the cells from environmental stressor agents, like antibiotics, and host immune
system attacks, offering them physical and chemical protection [10]. As biofilms adhere to
biological and non-biological surfaces, biofilm-forming bacteria are 10-1.000 times more
resistant to antimicrobial agents compared to planktonic cells [30]. In addition to pro-
ducing extracellular polymeric substances, biofilm-forming cells express different sets of
genes from those of planktonic cells [10] and have the ability to avoid phagocytosis by
macrophages and neutrophils [30]. Therefore, biofilm-related infections greatly contribute
to nosocomial infections, including device and indwelling catheter infections (urinary
tract infections, breast implant infections, periprosthetic joint infections, contact lens infec-
tions, ventilator-associated pneumonia but also dental infections, infective endocarditis, or
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chronic wound infections) [31]. Furthermore, biofilm infections present high resistance to
antibiotic therapies, making biofilms difficult to eradicate [26].

The effect of amino acids on biofilm formation is controversial since experimental
results indicate their potential anti-biofilm role but also solid supporting arguments for their
involvement in biofilm formation. Regarding the biofilm formation of S. mutans, D-GLA or
L-GLA enantiomers can inhibit biofilm formation at 40 mM; the mixture of GLA, Asp, and
cysteine (the same type of enantiomer) led to a stronger inhibitory effect than individual
amino acids [6]. At a concentration series of 2.5 mM, 5 mM, 10 mM, 20 mM, and 40 mM
of D-GLA and D-Asp, the anti-biofilm activities of the individual amino acids and their
mixture (equimolecular amounts) were evaluated. A concentration-dependent anti-biofilm
(S. aureus) activity was observed for amino acids used separately and in combination. By
combining the two amino acids, an increased anti-biofilm activity was noticed. A similar
effect was observed for the mixture of L-amino acids in the same concentrations. Targeting
the biofilm matrix components could be one of the mechanisms [15]. Also, D-Tyrosine
demonstrated an anti-biofilm effect in the case of P. aeruginosa and Bacillus subtilis [32].

Contrary to the previously presented studies, amino acids are involved in development
and cell survival, including bacteria. Thus, a hypothesis can be formulated regarding amino
acids’ contribution to the stimulation of biofilm formation.

Metabolic processes within the biofilm are different, with consequences on the gradient
of assimilated nutrients and metabolites destined for elimination. Biofilm development
involves complex architectures and structural associations between inner and peripheral
zones, forming these metabolic gradients [33]. The complex structure of biofilms depends
on various resources and significant amino acid supplements. They can have recycled
proteins as a source of provenance, but an adaptive increase in the genes that encode
specific amino acid transporters was also observed, especially of GLN. This phenomenon
influences biofilm growth through dynamic concentration gradients across the colony. The
result is the modulation of the cells’ metabolic activity for nutrient diffusion in the inner
part of the biofilm [34]. Additionally, bacteria are considered to tolerate exogenous D-amino
acids, which are involved in bacterial homeostasis [7]. Table 4 summarizes information
about the possible contribution of several amino acids to the biofilm development of several
bacterial strains.

Table 4. The potential contribution of glutamine (GLN), glutamic acid (GLA), and poly gamma-
glutamic acid (PG) to biofilm development (Ref. = references).

Amino
Acid

Tested
Bacteria

Observations Ref.

GLN

S. mutans

GLN is a vital nitrogen source provided by its specific transporter
(glutamine transport system permease protein—GInP). The membrane
transport function allows the biofilm to survive stress and benefit from
favourable conditions for development.

[35]

S. aureus

- The bacteria extract amino acids, including GLN, from the culture
medium (MSSA and MRSA).
- The enzymes involved in GLN formation, such as glutamine
synthetase (GS), proved to play an essential role in S. aureus
biofilm (the enzyme contributes to the synthesis of nitrogen [36,37]
derivatives and some key metabolites involved in maintaining
the osmotic balance). A low level of the catalytic enzyme is
associated with the suppression of biofilm formation and with the
impairment of resistance against antibiotics.
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Table 4. Cont.

Amino
Acid

Tested
Bacteria

Observations Ref.

GLA

B. subtilis

The biofilm-forming cells use a mechanism that directs excessive Krebs
cycle metabolites to nitrogen metabolism, forming storage products.
The level of some amino acids or nucleotides generated starting from
GLA increases during biofilm formation.

[10]

Gram-positive

Gram-negative

bacteria

- The protective effect of GLA was evaluated on some bacterial
strains subjected to the freeze-drying process, to which a
concentration of 0.06 M glutamate was added at a pH of 7. Other
structural derivatives of GLA were also tested, and several
prevented the death of numerous Gram-positive and
Gram-negative bacteria; x-Methyl-glutamic acid, [38]
N-acetyl-glutamic acid, or N-dimethyl glutamic acid are some
examples.

- The D and L enantiomers of GLA have shown equal intensity
activities.

- These effects could be due to a structural aspect—functional
groups capable of forming hydrogen bonds.

and

GLA and
GLN

E. faecalis and
P. aeruginosa

Following the administration of aminooxy acetic acid (AOA) as an
aminotransferase inhibitor (inhibitor of glutamate oxaloacetate
transaminase and aspartate aminotransferase, resulting in glutamate
and its metabolite levels’ restriction) and 6-diazo-5-oxo-L norleucine as
a GLN analogue, high sensitivity, especially to AOA, was observed,
which affected biofilm growth; the biofilm formed at subinhibitory
doses of the two compounds underwent morphological changes, also
being more sensitive to AOA.

(27]

PG

B. subtilis

PG contributes to the robustness and complexity of the biofilms’

morphology. 391

Staphylococcus
epidermidis

The bacterial strain produces PG that binds to antimicrobial peptides,

having a protective effect against neutrophil phagocytosis. 1401

Therefore, greater emphasis is placed on GLA and GLN metabolism within the biofilm
formation process of several bacterial strains, resulting in the biofilm growth-stimulating
effect.

In the present study, the lack of an evident influence on biofilm formation and the ten-
dency to stimulate its formation were predominantly observed at different concentrations.
There are differences in the stimulation intensity depending on the bacterial strain and the
tested compound.

In general, the four compounds tend to stimulate biofilm development, and where
this effect is not visible, the results indicate a lack of influence on this process. A strong
stimulatory effect (high A-Index) was observed in the case of Gram-negative bacteria,
especially for K. pneumoniae and P. aeruginosa. The particular morphological characteristics
of Gram-negative bacteria compared to Gram-positive ones could explain this strong
stimulatory effect. The lipophilic outer membrane in Gram-negative bacteria restricts the
access of hydrophilic drugs through porins (protein channels for substance passage) to a
level where the drug concentration no longer has a bactericidal effect [41]. On the other
hand, MSG demonstrated a weak inhibitory effect against the MRSA strain (a A-Index of
0.74 at 25% of the maximum tested concentration (28 mg/mL)).

GLN has been shown to have a predominantly stimulatory effect on Gram-positive
and Gram-negative bacteria. The stimulatory capacity of GLN appears to be higher at
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lower concentrations when tested on MSSA and at the maximum concentration for MRSA.
GLA showed its general stimulatory effect on biofilm formation, with the highest A-Index
values for P. aeruginosa and in the case of K. pneumoniae. MSG did not significantly influence
the biofilm development of Gram-positive bacteria, except for concentrations of 12.5%
(14 mg/mL) and 6.25% (7 mg/mL) of the maximum for MRSA and E. faecalis (stimulatory
effect). A stimulatory, outstanding impact was noticed for P. aeruginosa, with a A-Index
of 11.88 at 25% of the maximum concentration (28 mg/mL). The stimulatory effect of the
biofilm formation in Gram-negative bacteria was less pronounced for GLADE, being absent
in the case of E. coli.

3.3. Key Aspects of Glutamic Acid (GLA) and the Glutamine (GLN) Effect on Bacterial Growth
and Biofilm Formation

According to the results, GLN shows a poor inhibitory effect on bacterial growth for
the chosen concentration range for MIC determination, whilst GLADE provides promis-
ing results for further studies, such as the structural optimization of the molecule. This
derivative has also been highlighted for its good results in MBC determination for the
chosen concentration range. Regarding the influence on biofilm formation, a generally
and predominantly stimulatory effect on its development was observed, compared to the
inhibitory one.

An interesting point is why GLA and MSG might produce different biological effects
despite both existing mainly as glutamate at the pH (6-7) of the bacterial media used
in our tests. While we agree that their ionization states are similar in these conditions,
the divergence in their effects can be attributed to other physicochemical and structural
factors. In the following, we issue the following hypotheses. First, MSG is a monosodium
salt of glutamic acid, introducing a sodium ion into the environment. Sodium ions may
influence bacterial growth and biofilm dynamics differently compared to the free acid form
of GLA. The ionic strength and osmotic balance contributed by sodium ions may play a role,
especially in biofilm formation and bacterial membrane interactions. Secondly, the presence
of the sodium ion in MSG alters the solubility and transport dynamics compared to GLA.
Bacteria may process MSG differently due to sodium-assisted transport mechanisms, which
could lead to variations in uptake and metabolic integration. Lastly, structural analogues
like MSG might impact bacterial enzymes, membrane transporters, or metabolic pathways
differently. These differences could account for the observed variations in their antibacterial
and anti-biofilm activities despite their similar state at the tested pH range. This explanation
could clarify why GLA and MSG might demonstrate distinct biological effects.

Amino acids are an intriguing biological paradox with great potential in the drug
development process: on the one hand, they are necessary for microbial growth and
metabolism, but on the other hand, the optimization of their composition and concentration
can confer anti-biofilm and antimicrobial effects. Concerning the potential antibacterial
effects of GLA derivatives, most amino acid-based antibacterial agents target enzymes
involved in the biosynthesis of peptidoglycan (murein), the primary component of bacterial
cell walls. D-alanine, D-GLA, and D-GLN are amino acid residues in peptidoglycan’s
peptide structure. Therefore, the hypothesis is that the enzymes responsible for their
formation and processing become promising targets for antibacterial agents. GLA-based
derivatives that presented inhibitory activity on MurE (sulfonamides of GLA) and MurD
(naphthalene-N-sulfonyl-D-Glu) from E. coli and other examples of synthesized GLA-based
[-lactamase inhibitors are presented in the paper of Nowak et al. (2021) [13].

Moreover, D-amino acids have been shown to suppress and disperse microbial
biofilms; they were reported to inhibit biofilm development in S. aureus and S. mutans.
Microbial cells attach to the biofilm via cellulose fibres incorporated in microbial peptido-
glycan. The inclusion of D-amino acids into peptidoglycan (amid its synthesis) disturbs



Antibiotics 2025, 14, 415

13 of 25

the sequence of constituent amino acids and leads to microfibre-microbial cell association
alteration, therefore scattering the biofilm and releasing the sessile microbial cells [41].

A successful method to highlight the effects of amino acids is to use them as drug
adjuvants or excipients, with improvements in the drug efficacy as a consequence: the
salt formation technique is a method of enhancing the solubility of drugs by using amino
acids; through salt formation, they can also positively impact the membrane permeability
of drugs by increasing their hydrophilicity (e.g., Asp and ciprofloxacin) and stability,
facilitating the drug permeation across the cellular barriers [41]. Experimental studies have
demonstrated that a synergistic effect between D-GLA or L-GLA, as well as L-GLN, and
antibiotics such as gentamicin, amoxicillin, rifampicin, quinolones, aminoglycosides, or
tetracyclines can enhance antibacterial or anti-biofilm activity. Compared to the individual
administration of the antibiotics, this enhanced effect is observed, likely due to various
underlying mechanisms [6-9,15,42].

Conversely, the experimental findings detailed in Table 4 regarding the potential
mechanism through which amino acids may stimulate biofilm formation could represent a
basis for developing a hypothesis about this effect. The metabolic activity within biofilms is
spatially and temporally organized, leading to a mutual dependence between the interior
and peripheral cells [43]. The development and survival of biofilms depend heavily on the
complex spatial connections between the inner and outer cells. The consequence of the
cells’ differential metabolic processes is the formation of nutrient concentration gradients.
Thus, cells growing in different areas of the biofilm consequently present a high variability
from one another. Different metabolic requirements are thought to exist inside the biofilm:
the inner cell mass uses lactic acid, while the dividing cells at the edges require GLN. The
peripheral areas of the biofilm rely, thus, on the tricarboxylic cycle (TCA) [27].

Therefore, the biofilm metabolism involving GLN and GLA is tightly connected to
biofilm formation and survival [10]. The primary amino acid donors for all nitrogen-
containing metabolites and compounds, including other amino acids and DNA compo-
nents, are GLA and GLN [11]. Both play a key role in forming nitrogen-rich molecules
and maintaining the osmotic balance in bacteria [37]. GLA is the general amino group
donor for nitrogen-containing compound synthesis, such as nucleotides, amino acids, and
polyamines [10,26]. Also, GLN has an important role in supplying nitrogen in nitrogen-
limiting conditions [44], and the nitrogen availability in bacterial cells is quantified by the
intracellular GLN/GLA ratio [26].

In bacteria, GLN is either biosynthesized or absorbed from the surrounding environ-
ment. Its metabolism is closely regulated by the cell’s nitrogen levels and necessity [37]. The
synthesis of GLN from GLA and ammonium is mediated by GS [44]. GS activity directly
correlates to the energy-deriving TCA through a-ketoglutarate [37]. The concentration
of intracellular GLA is typically higher than that of GLN, with the excess of GLN being
converted into GLA by glutamate synthase [26]. Hence, GLN is essential for bacterial
biofilm development, and its metabolic pathways could be a valuable target for anti-biofilm
drugs [27]; an alternative could be the GS inhibitors [30]. Additionally, the inhibitors of
GLA synthesis could alter the biofilm'’s structure and the metabolic connections between
different areas of the biofilm [26].

Furthermore, these metabolic conversions are highly relevant as they correlate with
the specific necessities of the central and peripheral parts of the biofilm and have created
an interesting hypothesis on the functioning of biofilms. The production of ammonium
in the biofilm’s inner part is limited by and triggers the consumption of GLA in the outer
layers. The excess of GLA not used by the peripheral cells diffuses inward and is converted
into ammonium. Then, ammonium stimulates growth in the periphery, reducing the GLA
supply to the interior. This dynamic explains why peripheral cells do not simply overcome
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their dependence on extracellular ammonium, as doing so would lead to continuous
peripheral growth, ultimately starving and killing the interior cells within the biofilm.
The periodic arrest of peripheral cell growth due to extracellular ammonium restriction
promotes the overall viability of the biofilm [43]. Thus, the outer layer cells” growth is
limited to avoid the intense consumption of GLA and starve the inner area, as the interior
cells synthesize the ammonia used for GLN biosynthesis in the periphery [27]. Therefore,
one strategy to overcome biofilms could be to promote the continuous growth of peripheral
cells to starve the inner cells of biofilm; this would consequently expose the peripheral cells
to become an easy target to attack [43].

Also, the Na/GLA symporter from the environment to the intracellular space is
probably highly significant, as it regulates biofilm formation by controlling the intake
of exogenous GLA in some bacterial strains. It could be considered that the intake of
exogenous GLA can inhibit biofilm formation and that facilitating exogenous GLA intake
by modulating this symporter could potentially become a therapeutic option to treat biofilm
infections [26].

Due to their complex structure and functioning, biofilms exhibit a significantly higher
tolerance to antimicrobial agents than planktonic cells. It is documented that there exists
a positive correlation between biofilm formation and antibiotic resistance development.
Bacteria in biofilms are considerably more resistant to antimicrobial agents than planktonic
cells, with over 80% of bacterial infections being caused by the formation of bacterial
biofilms [23,45]. The structural features of biofilms play an essential role in developing
antibiotic resistance, as several components work together to hinder the effectiveness of
drugs [24]. The increased antibiotic resistance is primarily attributed to the restricted diffu-
sion of drugs through the biofilm matrix and the physiological changes in bacteria induced
by the environmental conditions within the biofilm [46]. Extracellular polymeric substances
produced by biofilms promote the resistance of pathogenic bacteria to the host’s adaptive
and innate immune systems [45]; they can inhibit the activity of antibiotics, which disperse
through biofilms by the diffusion-reaction inhibition phenomenon, causing the antibiotics
to be chelated and to form complexes, or leading to their destruction through enzymatic
degradation. The extracellular polymeric substances of the biofilm either slow the process
of penetration or interact with the antimicrobial agent and reduce its effectiveness [24].

In addition to the impaired diffusion of the antimicrobial agents through biofilms, a
slower growth rate of biofilm-associated bacteria could be another strategy. This aspect
leads to a slower uptake of antimicrobial agents, resulting in suboptimal bactericidal
intracellular antibiotic concentrations. Also, changes in the chemical microenvironment and
microorganism differentiation similar to spore formation correlate to drug resistance [24].
Moreover, the physical proximity of the cells in the biofilm promotes the acquisition of
resistance through genetically transmissible elements [46].

Quorum sensing, an intercellular microbial communication system, allows microor-
ganisms to exchange information between cells. Microbial quorum sensing is activated by
specific extracellular chemical signals, called autoinducers, such as peptides in Gram-positive
bacteria. They comprise amino acids such as serine, proline, tyrosine, leucine, isoleucine,
tryptophan, glycine, cysteine, threonine, glutamic acid, valine, and phenylalanine [41].

Concerning the high resistance of biofilms, traditional antibiotics are frequently inef-
fective against them, highlighting the need for alternative strategies to control or eradicate
biofilm formation. Combination therapies, such as those involving traditional antimi-
crobials and biofilm-disrupting agents, as well as synergistic approaches targeting differ-
ent stages of biofilm development, offer promising strategies (including the GLA /GLN-
antibiotic synergism). Additionally, nanoparticles, nano-coatings, and biomaterial modifi-
cations can be explored to target and combat biofilms specifically [31].
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Given the considerations above, we hypothesize that the absence of biofilm inhibition
observed in our results—despite the potential antibacterial activity of certain compounds—
may be attributed to the resistance of biofilms compared to planktonic cells. The role
of amino acids in biofilm development may also contribute to this outcome. Further
investigation is needed to explore the potential correlation between the antibacterial effects
of the compounds and their impact on biofilm formation.

3.4. In Silico Evaluation of Glutamic Acid Diethyl Ester’s (GLADE's) Properties as a Potential
Drug Candidate

After evaluating the antibacterial effects of the four compounds, GLADE stood out as
having promising bacteriostatic and bactericidal properties against the selected bacterial
strains. Therefore, GLADE is a compound that may hold potential in this field, either in its
current form or following structural optimization.

In this regard, we used computational methods to characterize GLADE in terms of
physicochemical properties and to theoretically estimate several pharmacokinetic properties
and aspects related to drug-likeness and lead-likeness, possible antibacterial activity, and
toxic and adverse effects; they are presented in Table 3. This characterization was included
in this study to observe the various features of GLADE that could contribute to its usage as a
potential antibacterial treatment or to choosing the alternatives to optimize the compound.

The estimation of various physicochemical and pharmacokinetic properties confirmed
the hydrophilicity of GLADE. Properties such as TPSA, water solubility, Log P, BBB pene-
trability, and skin penetration capacity were considered to support this conclusion.

TPSA serves as an indicator of liposolubility and the ability to penetrate biological
membranes. It is a parameter whose values rise with the number of polar groups in a
structure [47]. The value of 78.62 A2 for GLADE fits between 60 and 140 A2, a range
considered ideal for good cellular absorption (values below 140 A? are correlated with
good intestinal absorption). The evaluation of GLADE's water solubility indicates that
the compound is very soluble, according to ESOL and Ali, and soluble according to
SILICOS-IT (three different methods for water solubility evaluation: the first two are
topological methods implemented from Delaney J.S. (2004) (ESOL) [48] and Ali J. et al.
(2012) (Ali) [49]; the third one is a fragmental method calculated by the FILTER-IT program,
version 1.0.2 [50,51]). SwissADME also offers information regarding the Log P value of a
compound according to five different methods, with the Consensus Log P being the average
of all five predictions [51]. The value of 0.77 for Consensus Log P fits in the desirable range
of 0-2, which is considered suitable for a drug; water-soluble drugs typically have negative
values, whereas a high Log P can be a problem with insoluble drugs [52]. The hydrophilic
character of GLADE was also confirmed by its inability to cross the BBB, according to the
same platform, it is a critical factor when developing drugs targeting the central nervous
system. Skin permeation was also predicted for GLADE, as it is associated with the
lipophilicity of a compound; typically, low skin permeation is observed when a molecule’s
log Kp is lower than —2.5 cm/s, with the value of —7.43 cm/s indicating that the skin is
not permeable for GLADE [53-55].

The pharmacokinetic profile was further completed by evaluating gastrointestinal
absorption and classifying GLADE as a compound with high absorbance. Also, the BD
score indicates the likelihood that a compound will have a bioavailability greater than
10% in rats [56]. The BD score of 0.55 out of 1 is ideal and indicates that GLADE is
absorbed efficiently by the body [57,58]. Additional pharmacokinetic aspects of GLADE
indicate negative results for CYP450 isoform (CYP1A2; CYP2C19; CYP2C9; CYP2D¢;
CYP3A4) inhibition and for being the substrate of P-gp. Also, the possible sites involved in
metabolism via CYP2C9, CYP2D6, and CYP3A4 were identified; a lower score indicates a
higher probability of being a site of metabolism [59]. Furthermore, the potential CYP450
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metabolic pathways were assessed, as CYP450 isoforms are among the most essential
drug-metabolizing enzymes.

Drug-likeness and lead-likeness characteristics are essential when defining a chemical
compound’s profile. Drug-likeness is a qualitative assessment of a molecule’s probability
of becoming an oral drug based on its bioavailability and describes how closely a new
compound resembles already-approved medications [60]. It aids in evaluating the potential
success of a compound as a drug. We evaluated GLADE according to several drug-likeness
rules, such as the one of Lipinski, Eagan, Ghose, Muegge, and Veber. GLADE did not violate
any drug-likeness rule; the characteristics of each rule are presented by the SwissADME
platform [51]. Lead-likeness refers to selecting chemical optimization starting points to
have the best potential to yield drug-like candidates [61]. A lower molecular complexity,
with fewer rings and RBs, a smaller MW, and a less hydrophobic characteristic are several
features that lead compounds should present to be optimized, compared to drug-like
molecules [62,63]. GLADE violates two rules: it has an MW lower than 250 and more than
7 RBs [64]; however, this does not mean that GLADE could not be further optimized to
obtain a drug-like compound.

Regarding the biological activity of GLADE, we were interested in observing if it could
present an antibacterial effect, according to in silico predictions. The Pass online platform
offered theoretical results about several potential antibacterial effects based on its chemical
structure. The platform expresses the result as the probability of the compound being active
(Pa) for a specific effect. This parameter estimates the likelihood that the studied compound
belongs to the active compound subclass based on its structural similarity to molecules
most characteristic of the “active” subset in the PASS training set [65]. Therefore, the
platform estimated several effects that could be classified as antibacterial activity (Table 3);
however, the Pa values were not that high for either of the possible effects compared to the
maximum value of 1 (100% probability that the compound is active based on the platform’s
algorithm). The highest values correspond to antituberculosis (0.366) and antimycobacterial
effects (0.344). This potential activity could be assessed in vitro in a future study.

Eventually, we also obtained several predictions on the toxicological status of GLADE.
According to Cramer’s rule [66], it is classified as a compound with low toxicity (class I);
also, the substance would not be expected to be a safety concern based on Kroes TTC [67].
Cramer’s rule evaluates if the hybrids are normal constituents of the body, contain func-
tional groups associated with enhanced toxicity, contain elements other than C, H, O, N,
and divalent S, if they are heterocyclic compounds or have an open chain, and other struc-
tural features. The threshold of toxicological concern (TTC) is a practical risk assessment
tool founded on determining a human exposure threshold for all chemicals, below which
the probability of significant risk to human health is extremely low [67]. Kroes TTC also
considers some structural aspects that could represent a risk (for example, aliphatic azo
and azoxy groups, aromatic diazo groups, nitro, and much more). The toxtree software
also indicated negative results for GLADE’s genotoxic and non-genotoxic carcinogenicity
and in vitro mutagenicity.

Considering all the properties evaluated in this preliminary analysis using computa-
tional methods and the obtained results, we conclude the following:

e Based on the theoretical predictions targeted in this sub-chapter, GLADE is a hy-
drophilic compound, but it presents good gastrointestinal absorption and BD (Swis-
sADME platform);

e  Several antibacterial effects were identified, although not presenting a very high
probability; some of them could be further assessed by in vitro or in vivo studies (Pass
online platform);
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Preparation of GLN, GLA,
MSG, and GLADE stock
solutions using water as solvent

Preparation of bacterial cultures
by inoculation on non-selective
culture media and subculturing

e The toxicity profile defined by several determinations (Toxtree software, version

3.1.0.1851) indicates that GLADE is theoretically safe.

Therefore, linking these concluding ideas with the assessment of drug-likeness and
lead-likeness leads us to the hypothesis that GLADE exhibits a strong profile as a potential
drug candidate or lead compound that could undergo structural optimization and be fur-
ther tested in microbiological studies to evaluate its antibacterial effects, including against
other bacterial strains. We mention that the pharmacokinetic properties, antibacterial activ-
ity, and toxicity /adverse effects assessed in silico were only evaluated initially to provide a
preliminary and more comprehensive profile of the compound. We acknowledge that these
predictions need to be validated through further studies in the future.

4. Materials and Methods

The microbiological assessments conducted in this study for the four tested com-
pounds (the antibacterial effect and the impact on biofilm formation) were carried out
following standardized protocols for determining the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC), as well as for analyzing the anti-
biofilm effect. The details are presented in Sections 4.1 and 4.2, and Figure 6 broadly
highlights the main steps followed when applying the protocols.

| Minimum inhibitory concentration (MIC)
-Microdilution method-

v' Liquid Muller Hinton culture medium

™,
( Evaluation of the /////
antibacterial activity
> Lk \>
Evaluation of t};e
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Figure 6. Methodological chart for the in vitro evaluation of the antibacterial activity and influence
on the biofilm formation of glutamine (GLN), glutamic acid (GLA), monosodium glutamate (MSG),
and glutamic acid diethyl ester (GLADE) on the selected bacterial strains.

4.1. In Vitro Evaluation of the Antibacterial Activity (Minimum Inhibitory Concentration (MIC)
and Minimum Bactericidal Concentration (MBC))

4.1.1. In Vitro Determination of Minimum Inhibitory Concentration (MIC) by the
Microdilution Method

Six bacterial strains were used for the in vitro evaluation of the MICs for the four
compounds: S. aureus ATCC 29213 (MSSA), S. aureus ATCC 43300 (MRSA), E. faecalis
ATCC 700609 (Gram-positive bacteria), K. pneumoniae ATCC 25922, E. coli ATCC 29213, and
P. aeruginosa ATCC 27853 (Gram-negative bacteria). The Microbiology Department of the
University of Medicine, Pharmacy, Science and Technology “George Emil Palade” from Targu
Mures provided the strains; the strains were stocked at —70 °C before usage. Before starting the
determinations, the bacteria were inoculated on non-selective culture media and subcultured.

The initial concentration (subjected to successive dilution for MIC determination) was
chosen for each of the four compounds based on the scientific literature analysis as follows:
S(+)-GLN: 2.86 mg/mL; L-GLA: 1.76 mg/mL; MSG: 112 mg/mL; GLADE: 102 mg/mL.

The chosen concentration ranges were determined based on several factors, including
solubility constraints and data from the scientific literature on compounds like GLA, GLN,
and MSG. Water was selected as the solvent for GLN and GLA to prevent interference
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with the experimental results, limiting the maximum stock solution concentrations to
2.86 mg/mL and 1.76 mg/mL, respectively. For MSG and GLADE, higher concentrations
were possible due to their higher solubility in water (112 mg/mL and 102 mg/mL, respec-
tively); this explains the considerable differences between their size order. These variations
are linked to the fact that our purpose was to evaluate each compound separately rather
than comparing their effects directly. Using purified water as a solvent did not influence the
obtained results. It allowed the preparation of stock solutions (4 times more concentrated
than the maximum concentration desired to be tested for each compound). Since there are
no data in the scientific literature about the compound GLADE, the concentration required
for the experiment was established in correlation with its high solubility in the water. The
favourable results encouraged maintaining the concentration at 102 mg/mL.

All compounds were purchased from Sigma Aldrich (St. Louis, MO, USA) and Thermo
Scientific (Waltham, MA, USA) (GLN ((S)-(+)-glutamine, CAS: 56-85-9, ID: 8.16016.0100,
Batch: 56023116019, Sigma Aldrich); GLA (L-glutamic acid, CAS: 56-86-0, ID:1003300689,
Batch: SLCK9368, Sigma Aldrich); MSG (L-glutamic acid monosodium salt, CAS: 142-47-2,
ID: 102366233, Batch: BCCF0636, Sigma Aldrich); GLADE ((L-glutamic acid diethyl ester)
hydrochloride, CAS: 1118-89-4, ID:459260250, Batch: A0413594, Thermo Scientific)). The pro-
ducers guarantee a purity of 99%/98%. The compounds were measured using the analytical
balance with a readability of up to 0.0001 g, and the solvent was measured with the automatic
micropipette. Stock solutions were sterilized by filtration using 0.2 um sterile filters.

An inoculum of 0.5 McFarland units (approximately 1.5 x 108 bacterial cells/mL) was
made using sterile saline solution for each targeted bacterial strain. A standard protocol
for MIC determination using the liquid Mueller-Hinton bacterial culture medium was
subsequently applied to the six bacterial strains and all four tested compounds.

Negative and positive controls were used for the determination. Negative controls
consisted of liquid Mueller-Hinton culture medium without the bacterial inoculum and
the tested compound. Positive controls were a liquid Mueller—-Hinton culture medium
supplemented with bacterial inoculum without the tested compound.

The microtiter plates were incubated for 24 h at 35 °C in aerobiosis. After incubation,
the MIC was determined by visual examination using a mirror, according to the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) recommendations [68]. The
experiment was performed in triplicate.

After processing the solutions for the MIC determination, we obtained a series of concen-
trations for each compound (corresponding to numbers 1-12 for each row of wells—Table 5).

Table 5. The concentrations in each well for glutamine (GLN), glutamic acid (GLA), monosodium
glutamate (MSG), and glutamic acid diethyl ester (GLADE).

Percentage of the

Concentration/Well (mg/mL)

No. Well X .
Maximum Concentration GLN GLA MSG GLADE

1 100% 2.860 mg/mL 1.760 mg/mL 112.000 mg/mL  102.000 mg/mL
2 50% 1.430 mg/mL 0.880 mg/mL 56.000 mg/mL 51.000 mg/mL
3 25% 0.715 mg/mL 0.440 mg/mL 28.000 mg/mL  25.500 mg/mL
4 12.5% 0.357 mg/mL 0.220 mg/mL 14.000 mg/mL 12.750 mg/mL
5 6.25% 0.178 mg/mL 0.110 mg/mL 7.000 mg/mL 6.375 mg/mL
6 3.125% 0.089 mg/mL 0.055 mg/mL 3.500 mg/mL 3.187 mg/mL
7 1.562% 0.044 mg/mL 0.027 mg/mL 1.750 mg/mL 1.593 mg/mL
8 0.781% 0.022 mg/mL 0.013 mg/mL 0.875 mg/mL 0.796 mg/mL
9 0.390% 0.011 mg/mL 0.006 mg/mL 0.437 mg/mL 0.398 mg/mL
10 0.195% 0.005 mg/mL 0.003 mg/mL 0.218 mg/mL 0.199 mg/mL
11 0.097% 0.002 mg/mL 0.001 mg/mL 0.109 mg/mL 0.099 mg/mL
12 0.048% 0.001 mg/mL 0.00075 mg/mL 0.054 mg/mL 0.049 mg/mL
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4.1.2. In Vitro Determination of the Minimum Bactericidal Concentration (MBC)

A volume of 1 uL from each well in which there was no observed bacterial growth upon
the determination of the MIC was inoculated onto a solid Mueller-Hinton culture medium
to determine the MBC. The plates were incubated at 35 °C for 18 h. After incubation, the
MBC was determined by observing bacterial growth. Where applicable, the experiment
was replicated for all four compounds on the targeted bacterial strain.

4.2. In Vitro Evaluation of the Influence on Biofilm Formation

The effect on biofilm formation was evaluated for all four compounds, using the same
reference bacterial strains and the exact first five concentrations to determine the MIC and
MBC values.

For this determination, 0.5 McFarland inoculum (approximately 1.5 x 108 bacterial
cells/mL) was used for each bacterium for a standard routine protocol based on crystal
violet staining. Shortly, 10 pL of each inoculum was transferred into a nutrient broth (final
volume of 10 mL). In sterile microtiter plates, 100 uL of bacterial suspensions were mixed
with 100 uL of GLA, GLN, MSG, or GLADE (diluted in nutrient broth). The plates were
incubated for 24 h at 37 °C. After incubation, the biofilms were stained using the crystal
violet method (0.1% crystal violet and 30% acetic acid). The colour intensity of the wells
was determined using the UV-VIS Spectrophotometer for microplates (classic EPOCH
model with monochromator; 200-999 nm) at a wavelength of 620 nm (BioTek Instruments,
Winooski, VT, USA). The experiment was performed in triplicate. Negative and positive
growth controls were also used, prepared similarly to the ones used for MIC determination,
except for the liquid broth culture medium.

The influence of the targeted compounds on the bacterial biofilm formation capacity
was evaluated by comparing the average extinction obtained for each tested compound and
at each concentration (following the three determinations) versus the average extinction of
the positive control. The quantification was achieved by calculating a A-Index (the ratio
between the sample mean extinction and the positive control mean extinction). This result
provided information on how the tested compounds modify the biofilm formation of the
bacteria included in the study. A A-Index value of 1 suggests no significant influence of
the tested compound on biofilm formation (the biofilm formation in the sample being
similar to that of the positive control). However, a variability of 25% (£0.25) is attributed to
chance, so instead of the 1 value, the range is between 0.75 and 1.25. A A-Index greater than
1.25 suggests that the sample exhibits higher biofilm formation than the positive control,
indicating an increase in biofilm formation, possibly due to the test substance. Conversely,
a A-Index less than 0.75 suggests that biofilm formation in the sample is lower than that
of the positive control, potentially implying that the test substance inhibited or reduced
biofilm formation [69].

4.3. In Silico Evaluation of Glutamic Acid Diethyl Ester’s (GLADE's) Properties as a Potential
Drug Candidate

After assessing its antibacterial activity, GLADE emerged as a compound with promis-
ing results. Subsequently, computational methods theoretically predicted the various
properties and characteristics of GLADE based on its chemical structure. The compound
was characterized in terms of physicochemical properties, such as MW, HA, Csp3 fraction,
RB, HAcc, HD, TPSA, water solubility (according to ESOL [48], Ali [49], and SILICOS-IT [50]
methods [63]), and Log P using the platform SwissADME [51,63].

The SwissADME platform also provided predictions on several pharmacokinetic prop-
erties, such as gastrointestinal absorption, the ability to cross the BBB, to be a substrate
for P-gp, and an inhibitor of some CYP450 isoforms; it also predicted a skin permeation



Antibiotics 2025, 14, 415

20 of 25

coefficient (log Kp) calculated according to Potts R. O. et al. (1992) [70] and a bioavail-
ability score [56-58]. The platform Smart Cyp version 3.0 [59] and Toxtree software version
3.1.0.1851 [71] completed the predictions of pharmacokinetic properties, indicating data
on GLADE’s metabolism, such as sites involved in metabolism via CYP3A4, CYP2D6, and
CYP2C9 isoforms (Smart Cyp) [72] and cytochrome P450-mediated drug metabolism (Toxtree).

The drug-likeness and lead-likeness characteristics were predicted by the platform
SwissADME (number of broken rules according to Lipinsky, Muegge [73], Eagan [74],
Ghose [75], and Veber [76] and the number of broken lead-likeness rules).

The possible antibacterial activity, evaluated through the probability of being active
regarding the predicted antibacterial effect, was assessed using the Pass online platform
version 2.0 [65].

The Toxtree software also emphasized some characteristics of toxicity based on various
rules and criteria, including Cramer rules [66], Kroes TTC [67], carcinogenicity, and in vitro
mutagenicity (Ames test) [77-79].

5. Conclusions

When determining the MICs for the selected six bacterial strains, GLN did not demon-
strate inhibitory capacity even at the maximum tested concentration (2.86 mg/mL); in-
hibitory activity was observed in the case of GLA for most bacterial strains at concentra-
tions of 1.76 mg/mL and 0.88 mg/mL; MSG inhibited the growth of all tested bacterial
strains at 112 mg/mL; promising results have been obtained for GLADE, which stood out
among the tested compounds with bacterial inhibitory activity on all six bacterial strains at
12.75 mg/mL and 25.5 mg/mL.

GLADE also showed satisfactory bactericidal activity for the chosen concentration
range on all bacterial strains considered in the study at concentrations of 51 mg/mL
and 25.5 mg/mL; this result is essential for the further optimization and evaluation of
this compound.

When evaluating the influence of the tested compounds on bacterial biofilm formation,
the results indicate a tendency to stimulate its development or no influence demonstrated
in the process. The inhibitory effect on biofilm formation by the bacterial strains included
in this study was very minimally observed, except for MSG at 25% of the maximum
tested concentration (28 mg/mL) for MRSA (A-Index of 0.74—weakly inhibitory effect).
Although the mechanism by which the compounds demonstrate their activity toward
biofilm formation is unclear, the results indirectly suggest that amino acids are essential for
biofilm development. This result follows the scientific literature data and supports amino
acid metabolism’s importance in bacterial biofilm formation.

As GLADE stood out for its bacteriostatic and bactericidal properties, an evaluation
of some of its properties using computational methods was performed. The theoretical
predictions indicated that GLADE is a hydrophilic compound with good gastrointestinal
absorption and BD. GLADE shows antibacterial potential, although the prediction did not
show a high probability of being active. Also, it has a theoretically safe toxicity profile.
Therefore, GLADE acts as a potential drug candidate or lead compound that could undergo
structural optimization and be further tested in microbiological studies to evaluate its
antibacterial effects, including against other bacterial strains.

The following points highlight the novelty of our research: a unique focus on GLA
derivatives, the evaluation of GLA derivatives, the in silico analysis of GLADE, and mecha-
nistic insights. While previous studies have reported the biofilm inhibition activity of amino
acids, our research explicitly targets GLA and its structural analogues, including GLADE.
To our knowledge, GLADE has not been extensively studied for its antibacterial and biofilm
inhibition properties, making our findings particularly novel. Our study assessed GLA,
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GLN, MSG, and GLADE on clinically relevant Gram-positive and Gram-negative bacteria.
This comprehensive approach allows us to identify a promising derivative (GLADE), for
which we have conducted an in silico evaluation of physicochemical properties, phar-
macokinetic profile, drug-likeness, and potential antibacterial activity. The theoretical
prediction adds a new dimension to our study, suggesting that GLADE could be optimized
for enhanced antibacterial effects and providing a foundation for future research.

In conclusion, GLA and some of its structural analogues are attractive options to
be approached in the future for the possible antibacterial activity in a broader palette of
bacterial strains, for different concentration ranges, or in combination with other antibiotics,
leading to a synergistic antibacterial effect. GLADE is a promising compound, and its
optimization to increase antibacterial activity could be a new research direction and an
interesting approach.

6. Limitations

One of the difficulties of this study is related to the limited water solubility of GLN and
GLA, considering that for the MIC determination, the concentration of the stock solution
must be four times higher than the one subjected to successive dilutions. Purified water
was the chosen solvent instead of other possible solvents (so there would be no influence
on the results).

Another limitation is that the software used to estimate the targeted properties may not
account for optical isomers, which could result in variations in some predicted properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics14040415/s1, Table S1: The influence of glutamine (GLN)
on biofilm formation, presented as A-Index =+ standard deviation (SD), for all six bacterial strains
and different concentrations of the GLN solution; Table S2: The influence of glutamic acid (GLA)
on biofilm formation, presented as A-Index =+ standard deviation (SD), for all six bacterial strains
and different concentrations of the GLA solution; Table S3: The influence of monosodium glutamate
(MSG) on biofilm formation, presented as A-Index + standard deviation (SD), for all six bacterial
strains and different concentrations of the MSG solution; Table S4: The influence of glutamic acid
diethyl ester (GLADE) on biofilm formation, presented as A-Index + standard deviation (SD), for all
six bacterial strains and different concentrations of the GLADE solution.
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GLA Glutamic acid
GLADE  Glutamic acid diethyl ester
GLN Glutamine

Gln Glutamine transport system permease protein
GS Glutamine synthetase

HA Heavy atoms

HAcc Hydrogen bond acceptors

HD Hydrogen bond donors

IC50 Half-maximal inhibitory concentration

L-Asp L-Aspartic acid

MBC Minimum bactericidal concentration

MIC Minimum inhibitory concentration

MRSA  Methicillin-resistant Staphylococcus aureus
MSSA Methicillin-susceptible Staphylococcus aureus

MSG Monosodium glutamate
MW Molecular weight

OD Optical densities

PG Polygamma-glutamic acid

P-gp P-glycoprotein

RB Rotatable bonds

TPSA Topological polar surface area
TTC Threshold of toxicological concern
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