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Abstract

Antibiotic resistance has increased the demand for novel treatments against
multidrug-resistant microorganisms. In the research literature, 5-fluorouracil (5-FU)
was proposed as an alternative due to its intrinsic antibacterial property. However,
given its toxicity profile at high doses, its use in antibacterial therapy is dubious. In
the quest for improving the efficacy of 5-FU, the present study intends to synthesise
5-FU derivatives and assess their susceptibility and mechanism against pathogenic
bacteria. It was found that the compounds having tri-hexylphosphonium substitution
on both nitrogen groups of 5-FU (6a, 6b and 6c) had considerable activity against
both Gram-positive and Gram-negative bacteria. Among the active compounds,
those with an asymmetric linker group 6c were found to have higher antibacterial
efficacy. However, no conclusive efflux inhibition activity was found. As elucidated
by electron microscopy studies, these self-assembling active phosphonium-based
5-FU derivatives caused considerable septal damage and cytosolic alterations in
Staphylococcus aureus cells. In Escherichia coli, these compounds triggered
plasmolysis. Interestingly, the minimal inhibitory concentration (MIC) of the most
potent 5-FU derivative 6c remained constant, regardless of the bacteria's resistance
profile. Further analysis revealed that compound 6c generated significant alterations
in membrane permeabilization and depolarization in S. aureus and E. coli cells at the
MIC. Compound 6c was found to substantially impede bacterial motility, suggesting
its importance in regulating bacterial pathogenicity. Additionally, the nonhaemolytic
activity of 6c suggested that it could be a potential therapeutic option for treating

multidrug-resistant bacterial infections.
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Exhaustive use and misuse of antibiotics in humans, animals and
agriculture have accelerated the crisis of resistance in bacteria.l*!
Resistance develops genetically, either through mutation or by the
acquisition of new resistance genes via genetic exchange mecha-
nisms. The incidence of multidrug-resistant (MDR) bacteria, predom-
inantly those from the ESKAPE group (ESKAPE is an acronym for the
scientific names of six highly virulent and antibiotic-resistant bacterial
pathogens: Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacter spp.), are increasing morbidity and mortality rates all
across the world.? It is anticipated that if no solution is found,
roughly 10 million people will die by 2050, surpassing cancer
deaths.® Every year, 23,000 patients die in developed countries
such as the United States due to a lack of treatment alternatives for
MDR patients.! The situation in developing countries like India is
more dire, wherein more than 58,000 infants died in 2013 as a result

1 It's also crucial to note

of antibiotic-resistant bacteria infections.
that there haven't been many new antibiotic breakthroughs to tackle
bacteria that are resistant to antibiotics. One of the reasons could be
that pharmaceutical companies are no longer effectively investing in
the discovery of novel antibiotics in comparison to drugs for chronic
diseases. Due to this, clinicians frequently opt for combination
treatment regimens, which necessitate extended hospitalisation and
much more resource expenditure (ICU and monitoring)..”! This
situation has led to significant economic consequences, causing
monetary losses for both individuals and governments. According to
different studies, it is projected that antimicrobial resistance (AMR)
could cost from $300 billion to more than $1 trillion annually by 2050
worldwide.®?) In the quest to combat this issue, researchers have
recommended drug repurposing. Drug repurposing is a method that
is applied to identify novel therapeutic agents from clinically
approved drug molecules."®! For example, recently, antiviral drugs
like remdesivir and favipiravir have been repositioned for the
treatment of COVID-19.1*Y! |t is regarded as an effective method
for developing drug candidates with novel therapeutic or pharmaco-
logical characteristics. This approach has many advantages over the
conventional drug discovery procedure, including a reduced drug
development timeline, lower costs, higher efficiency and a lower risk
of failure.

One such drug is 5-fluorouracil (5-FU), arguably the most
successful chemotherapeutic agent.*?) However, its potential as an
antibacterial agent has not been thoroughly investigated. Cohen

et al.l*¥

were the first to investigate the antimicrobial effect of 5-FU
in Escherichia coli. They found that 5-FU caused ‘thymineless death’ in
bacteria by inhibiting the enzyme thymidylate synthase, which is
required for DNA synthesis. In another investigation, 5-FU-treated E.
coli K-12 cells were found to be more susceptible to heat and
mechanical stress due to osmotic imbalance produced by cell wall
precursor accumulation.™ In addition, the biofilm and virulence
inhibition activities of 5-FU are also well documented. 5-FU acts as a

potent quorum-quencher, inhibiting quorum-sensor autoinducer-2

production released by methicillin-resistant S. aureus (MRSA),
Staphylococcus epidermidis, E. coli and Vibrio harveyi.*® In addition,
Ueda et al. demonstrated the nontoxicity of 5-FU and its ability to
prevent the growth of biofilms in P. ageruginosa. Their results were
found to be consistent with those obtained by Hussain et al. on
the biofilm formation of S. epidermidis.’**'”) Given its antivirulence
properties, 5-FU is unlikely to develop resistance. However, because
5-FU is a BCS class Il drug, its permeability is low, restricting its drug
deIivery.[lg] Furthermore, it is said to have had a significant level of
cardiotoxicity and a short half-life. Most importantly, drugs such as
ceftazidime (CFT) and cefepime (CFP) have been shown to interfere
with the action of 5-FU.1*? As a result, it is critical to investigate 5-FU
derivatives to overcome the aforementioned issues.

Previously, our research team developed and evaluated phos-
phonium compounds with antibacterial activity comparable to
commercially used antibiotics. These amphiphilic phosphonium
derivatives could self-organize into vesicles of varying sizes, making
them potential nano-drug delivery tools.29-231 Additionally, it has
been suggested that nano-sized assemblies might help to enhance

(24] Considering the aforementioned, the authors

biological activities.
of this paper were intrigued to investigate the antibacterial properties
of 5-FU-based phosphonium derivatives. In this article, six 5-FU-
based mono- and di-substituted derivatives bearing phosphonium
side chains linked with a (C4-C10) spacer were synthesised and
evaluated for their physicochemical properties and antibacterial

activity against ESKAPE group bacteria.

2 | RESULTS AND DISCUSSION
2.1 | Chemistry

Details of the synthesis of each molecule, yield and characterization
are discussed in Supporting Information: Section S1 and structures of
respective 5-FU derivatives are illustrated in Supporting Information:
Figures S1-S15. The reaction scheme is given in Scheme 1.

2.2 | Susceptibility assay

Table 1 summarizes the bacterial strains utilized in the current and
subsequent studies.

2.2.1 | Susceptibility assay on ESKAPE group
bacteria

The minimal inhibitory concentration (MIC) values of 5-FU and its
derivatives against reference ESKAPE strains are specified in Table 2.
It is well known that 5-FU exhibits some inherent antibacterial
activity.[15] As tested, we found that 5-FU showed considerable
activity against Gram-positive bacteria like S. aureus (2 ug/mL) and
E. faecium (4 ug/mL) and some of the Gram-negative bacteria like
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SCHEME 1 Scheme for the synthesis of 5-FU derivatives. Reagents and conditions: (a) Boc,0, 4-DMAP, CH3CN, R.T.; (b) NaH, DMF, R.T,;
then Br-(CH,),-Br; (c) K,CO3, MeOH, R.T.; (d) P(Hex)s, CH3CN, microwaves, 85°C; (e) NaH, DMF, R.T., then Br-(CH,)4-Br; (f) PR3, CH3CN,

microwaves, 200 W, 85°C.

K. pneumoniae (4 ug/mL) and E. coli (16 pg/mL). However, its activity
against other bacteria such as P. aeruginosa, Enterobacter aerogenes
and A. baumannii was found to be poor (264g/mL). When
5-FU derivatives were tested against ESKAPE strains, only those
with tri-hexylphosphonium substitution (4a, 4b, 6a, 6b, 6c) showed
activity against Gram-positive bacteria. Interestingly, it was observed
that among these, the compounds that had tri-hexylphosphonium
substituted on both the nitrogen of 5-FU structure (6a, 6b, 6c)
exhibited activity against Gram-negative bacteria too. Additionally,
compounds having non-tri-hexylphosphonium side chains, such
as 6d (containing tri-butylphosphonium) and ée (containing tri-
octylphosphonium), were found to be inactive against both Gram-
positive and Gram-negative bacteria. This highlights the importance
of tri-hexylphosphonium substitution on both nitrogen groups of
5-FU to produce an effect in both Gram-negative and Gram-positive
bacteria. As observed, the potencies of these active compounds
(6¢ > 6a > 6b) varied according to the chain length of the spacer alkyl
group (Figure 1). The most active molecule (6c) had an asymmetric
structure with C4 and C10 alkyl spacer chains on either nitrogen
group of the 5-FU structure. However, compounds 6a and 6b had
symmetric spacer alkyl chains C4 and C10 linked to their nitrogen
groups, respectively. We believe that the presence of the C10 alkyl
chain might have imparted higher hydrophobicity to compound 6b,

thereby causing a decrease in its inhibition activity. In addition,
although 6c was the most active derivative, its MIC against
K. pneumoniae was not different from that of 5-FU. The same was

true for the tested Gram-positive bacteria, S. aureus and E. faecium.

2.2.2 | Susceptibility assay on efflux mutants

To ascertain whether any of these substances were possible efflux
pump substrates, they were tested against Gram-positive and
Gram-negative bacterial efflux mutants (details of mutants given in
Table 1). Table 3 shows that in the case of S. aureus norA efflux
mutants and E. aerogenes acrAB-tolC efflux mutants, regardless of
efflux gene deletion or overexpression, none of the compounds
showed a significant variation in their MIC values. Compounds with
MIC values >512 g/mL were excluded because they precipitated or
became turbid at higher concentrations. As a result, the obtained
results seem to be unreliable. Having said that, it could be concluded
that none of the derivatives had substrate specificity for the S. aureus
norA efflux pump or the E. aerogenes acrAB-TolC efflux pump.
However, compounds 4a, 4b and 6d depicted differential MIC among
wild-type and acrAB-deleted strains of E. coli. Therefore, to reaffirm
their effect, these compounds were evaluated in combination with
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TABLE 1 List of bacteria used in the present study.
Strain Source Relevant features References
Reference bacteria
ATCC 13048 American-type culture Enterobacter aerogenes [20]
ATCC 19434 collection Enterococcus faecium
ATCC 25923 Staphylococcus aureus
ATCC 11775 Escherichia coli
ATCC 13883 Klebsiella pneumoniae
ATCC 19606 Acinetobacter baumannii
ATCC 10145 Pseudomonas aeruginosa
S. aureus
SA1199 Endocarditis patient Clinical isolate, methicillin susceptible [25, 26]
SA1199B Derivative of SA1199 norA-overproducing derivative of SA-1199; also has A116E GrlA substitution
SAK1758 Derivative of NCTC-8325-4 Knocked out NorA (AnorA)
SA 1 Urine Clinical isolates from HIA-Laveran, Marseille: CHL", NAL* This study
SA 2 Sputum Clinical isolates from HIA-Laveran, Marseille: OFL", CFX", CIP", CHL", NOR*, NAL*
SA 3 Sputum Clinical isolates from HIA-Laveran, Marseille: OFL", CLN", CHL", ERY", CIP", NOR*, NAL*
SA 9 Sputum Clinical isolates from HIA-Laveran, Marseille: OFL", CLN", NEO", CFX', CIP", CHL", ERY",
NOR*, NAL*
SA 11 Skin Clinical isolates from HIA-Laveran, Marseille: OFL", CLN', CIP", CHL", ERY", NOR*, NAL*
SA 12 Skin Clinical isolates from HIA-Laveran, Marseille: CHL", ERY", NAL*
E. aerogenes
EA27 Urinary tract MDR clinical isolate; KAN" AMP"™ CHL" NAL" STR" TET" (acrA+, TolC+) [27]
EA289 Derivative of EA-27 KAN-sensitive (acrA+, TolC+)
EA294 Derivative of EA289 AacrA:: KAN' (acrA-, TolC+)
E. coli
AG100 Derivative of K-12 strain Wild-type E. coli K-12 (acrAB+, TolC+) [27, 28]
AG100A Derivative of AG100 AcrAB deleted, AacrAB:: KAN" (acrAB-, TolC+)
AG102 Derivative of AG100 Overexpressing AcrAB pump (acrAB++, TolC+)
AG100ATET Derivative of AG100A TET" derivative of AG100A in which the acrF gene is markedly overexpressed
T-AG100 Derivative of AG100 strain E. coli AG100 transformed with pACYC184-ampRC This study
EC-LAV-1 Urine Clinical isolates from HIA-Laveran, Marseille: NOR', NAL", ZDM', AMP", AMK', ERY*
EC-LAV-3 Urine Clinical isolates from HIA-Laveran, Marseille: ERY*
EC-LAV-4 Urine Clinical isolates from HIA-Laveran, Marseille: ERY*
EC-LAV-7 Faecal matter Clinical isolates from HIA-Laveran, Marseille: GEN'", CIP", NOR", NAL", CHL", TET", TOB',
CTX', ZDM', AMP", AMK', MERO', ERY*, DOX*
EC-LAV-8 Urine Clinical isolates from HIA-Laveran, Marseille: GEN', CIP", NOR', TET", TOB', CTX'", ZDM',
AMP", ERY*, DOX*
EC-LAV-11 Urine Clinical isolates from HIA-Laveran, Marseille: CTX', ZDM', AMP", ERY*
P. aeruginosa
PAO1 Infected wound Reference strain [29, 30]
PA402 Derivative of PAO1 mex AB deleted (A mex AB)
A MEX D mex D deleted (A mex D) [31]
A MEX F mex F deleted (A mex F)
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TABLE 1 (Continued)

Strain

PA403

PT629

PAO1 ERYR
PAO-7H
CMZ091
PA2013-LAV-1
PA2013-LAV-2

PA2013-LAV-3

PA2013-LAV-5

PA2013-LAV-14

PA2013-LAV-17

K. pneumoniae
KPBJ 2
KPBJ 4
KPBJ 6

KPBJ 7

KPBJ 11
KP55

A. baumannii
ABB866
AB766
AB74

AB66

AB775

AB878

Source

Superficial pus
Urine

Urine

Lung

Urine

Drainage fluid

Blood
Blood

Hepatic drainage fluid

Blood

Blood

Sputum

QC for VITEK® analysis
Lung
Lung

Lung

Blood

Lung

ARCH
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Relevant features References
Efflux pump deleted (A mex AB, A mex CD, A mex EF, A mex XY, A mex JK) [32]
mex AB overexpressing (mex AB++) [33]
mex CD overexpressing (mex CD++)
mex EF overexpressing (mex EF++)
mex XY overexpressing (mex XY++)
Clinical isolates from HIA-Laveran, Marseille: ZDM', PIP", NAL*, CHL*, ERY*, TET*, DOX*
Clinical isolates from HIA-Laveran, Marseille: ZDM", PIP", NAL*, CHL*, ERY*, TET*, DOX*
Clinical isolates from HIA-Laveran, Marseille: GEN', CIP", TOB', AMK", PIP", IMI", MERQO',
NAL*, CHL*, ERY*, TET*, DOX*
Clinical isolates from HIA-Laveran, Marseille GEN', CIP", TOB", ZDM'", DOX', AMK', PIP",
IMI", MERO', NAL*, CHL*, ERY*, TET*, DOX*
Clinical isolates from HIA-Laveran, Marseille: GEN", CIP", TOB', AMK, PIP", NAL*, CHL*,
ERY*, TET*, DOX*
Clinical isolates from HIA-Laveran, Marseille: ZDM", PIP", MERO", NAL*, CHL*, ERY*,
TET*, DOX*
Clinical isolates from Beaujon hospital, Paris: NAL*, CHL*, ERY*, PIP* [34]
Clinical isolates from Beaujon hospital, Paris: MERO", NAL*, CHL*, ERY*
Clinical isolates from Beaujon hospital, Paris: CIP", CFX", MERO", NOR*, NAL*, CHL*,
ERY*, PIP*
Clinical isolates from Beaujon hospital, Paris: CFX", OFL*, NAL*, CHL*, ERY*, TET*,
DOX*, PIP*
Clinical isolates from Beaujon hospital, Paris: NAL*, CHL*, ERY*, PIP*
Clinical isolates from Beaujon hospital, Paris: GEN", TOB', CFX", CTX', ZDM", COL", AMK',  [27, 35]
PIP", IMI", MERQO", OFL*, NAL*, CHL*, ERY*, TET*, DOX*
CIP", TET", TOB', CTX', ZDM", DOX', AMK', MERO', NOR*, NAL*, CHL*, ERY* This study

Susceptible clinical isolates from HIA-Laveran, Marseille
Clinical isolates from HIA-Laveran, Marseille: ZDM", DOX'", NOR*, NAL*, ERY*

Clinical isolates from HIA-Laveran, Marseille: CIP", TET", TOB", CTX', ZDM', AMK', MERO",
NOR*, NAL*, CHL*, ERY*

Clinical isolates from HIA-Laveran, Marseille: CIP", TET", CTX', ZDM", NOR*, NAL*,
CHL*, ERY*

Clinical isolates from HIA-Laveran, Marseille: CIP", TET", TOB', CTX", ZDM', DOX', AMK',
MERQ', NOR*, NAL*, CHL*

Note: According to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) and the Clinical and Laboratory Standards Institute (CLSI),
strains that were classified as resistant are indicted by superscripted ‘r'. The superscripted *' were assigned to antibiotics whose minimal inhibitory
concentration (MIC) values were >32 pg/mL and not defined by EUCAST or CLSI. The antibiograms of mentioned clinical strains are given in the
supplementary section in Supporting Information: Tables S1-S5.

Abbreviations: AMK, amikacin; AMP, ampicillin; CFX, cefoxitin; CHL, chloramphenicol; CIP, ciprofloxacin; CLN, clindamycin; COL, colistin;
CTX, cefotaxime; DOX, doxycycline; ERY, erythromycin; GEN, gentamicin; IMI, imipenem; LNZ, linezolid; MERO, meropenem; MDR, multidrug-resistant;
NAL, nalidixic acid; NEO, neomycin; NOR, norfloxacin; OFL, ofloxacin; PIP, piperacillin; TET, tetracycline; TOB, tobramycin.
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TABLE 2 MIC values for 5-FU and its derivatives against reference ESKAPE group bacteria.
MIC values expressed in (ug/mL)
Klebsiella Pseudomonas Enterobacter Escherichia Acinetobacter Staphylococcus Enterococcus
Compounds pneumoniae aeruginosa (ATCC aerogenes coli (ATCC baumannii (ATCC aureus (ATCC faecium (ATCC
tested (ATCC 13883) 10145) (ATCC 13048) 11775) 19606) 25923) 19434)
5-FU 4 256 64 16 128 2 4
3a >256 >256 >256 >256 >256 >256 >256
3b 128 128 128 128 128 >256 >256
4a 128 128 >256 64 128 4 16
5a >256 >256 >256 >256 >256 64 64
4b >256 >256 >256 128 16 2 2
6a 16 8 32 8 16 1 2
5b >256 >256 >256 >256 >256 256 256
6b 16 64 64-128 16 16 4-8 8
6¢ 4 8 16 4 4 2 2-4
6d >256 >256 >256 >256 >256 64 64
6e >256 >256 >256 >256 >256 64 64
Control® 0.125 0.06 0.06 <0.06 0.5 0.5-0.25 2

Abbreviations: 5-FU, 5-fluorouracil; MIC, minimal inhibitory concentration.

2Ciprofloxacin is used as the control drug.

Phe-Arg B-naphthylamide (PABN; potency, 98%), a well-known efflux
inhibitor (Supporting Information: Table Sé). Interestingly, it was
observed that when combined with 20 pg/mL PABN (Sigma-Aldrich),
none of the said compounds showed an increase in their susceptibil-
ity. Thereby, suggesting that these compounds might have a binding
site different from that of PABN.%%! Similar to the results of S. aureus
and E. aerogenes efflux mutants, none of the 5-FU derivatives
exhibited a visible difference in MIC among P. aeruginosa mexAB-

oprM deleted mutants.

2.3 | Electron microscopy
2.3.1 | Morphology of self-assembly formed by
active 5-FU derivatives

As observed from Figure 2, 6a, 6b and 6c were capable of forming
self-assemblies. The average size of the self-assemblies formed by 6a
(Figure 2a) was found to be 114.66 + 36.17 nm, whereas that of 6b
(Figure 2b) was found to be 194.16+25.56nm. In both cases,
uniformity in size could not be observed. This increase in size could
be correlated to the presence of a differential alkyl side chain present
in the spacer group of each compound. As the alkyl chain length
increased, the size of the self-assemblies increased linearly. These
findings were consistent with research by Oliver et al., who examined
the impact of surfactant head group and alkyl chain length on the size
and shape of self-assemblies. They claimed that for surfactants, an
increase in alkyl chain length led linearly to an increase in the size of

its self-assemblies and the number of aggregations, which in turn
contributed to an increase in the hydrophobic interactions between
adjacent monomers.%”} Interestingly, the asymmetry of the spacer
group in 6c (Figure 2c) was found to reduce the average size of the
self-assemblies (104.69 + 8.25 nm). Furthermore, the globules gener-
ated by 6c were considerably more uniform than those obtained with
6a and 6b. This study highlights the ability of these compounds to
form self-assemblies, which could prove useful from the perspective

of drug delivery in the future.

2.3.2 | Morphology of cells treated with active 5-FU
derivatives

The ultrastructure of S. aureus and E. coli with and without active
5-FU derivatives are depicted micrographically in Figures 3 and 4,
respectively. The ultrastructure of normal (untreated) S. aureus cells
(Figure 3a) revealed spherical cells with a well-defined regular smooth
membrane. As observed, the electron-dense outer edge of the cell
wall was distinctively stained due to the general presence of teichoic
acid, which has a higher affinity for the contrast agents used (yellow

arrow).18

! Furthermore, cells that were just beginning to divide had
regular septal fold formation, whereas dividing cells had complete
septa formation (white arrows). These cells did not differ significantly

[39-42] confirming their suitability for

from previously published data
use as a control for this experiment. It was observed that S. aureus
cells were significantly affected when treated with 6a (Figure 3b), 6b

(Figure 3c) and 6c (Figure 3d). S. aureus cells treated with 6a at MIC
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FIGURE 1 Structure of active derivatives of 5-fluorouracil (6a, 6b and 6c).

concentration (Figure 3b) showed complete lysis of cells, most of the
cells were found to be empty with their intracellular content
completely leaked/dissolved (white asterisk). A few cells lost their
spherical shape and became irregular. Some cells were also found to
be abnormally enlarged with irregular bulging (blue asterisk) at the
edges. At a lower concentration (MIC x 0.5), some cells showed space
widening between two layers of the cell membrane. The widened gap
(yellow arrow) seems to be filled with a homogeneous and electron-
transparent substance which could be related to the violation of the
molecular bonds between lipid layers, which could be induced by
the increasing frequency of flip-flop events in the cells.®! Some of
the cells showed nonstraight septum (white arrow) along with the
presence of electron-light regions in the cytosol. These regions had a

1.4 reported a

fibre-like appearance (yellow triangle). Jensen et a
similar observation when S. aureus was treated with nisin. They
inferred that it was most likely due to DNA condensation. At the
lowest concentration tested (MIC x 0.25), 6a did not induce profound
septal or any membrane damage but showed the presence of
concentric multimembrane structures (red dotted circle) varying in
form and size. These concentric membranes were either electron
dense or had an average electron density, and the space between
them was filled with a homogeneous substance of average electron
density that resembled the surrounding cytoplasm. As per studies
conducted by Santhana Raj et al.**! such formations could be the
result of bacteria producing ‘mesosomes’ that were a defensive
response to protect themselves from any antibiotic/toxin assault.
Similarly, few researchers also observed such concentric multi-

membrane structures when S. aureus is treated with Gramicidin

5,14 Riccardin C,[*”! and defensin.[*®! Interestingly, no visible damage
to the membrane could be seen in cells treated with MIC x 0.25. At
the same time, these cells showed the presence of ‘entangled fibres’
Such fibre

S. aureus cells after treatment with cationic peptides

were observed in
140]

(yellow triangle). structures
and silver
nanoparticles.*?) A similar effect was more evidently observed in
cells treated with compound 6b at MIC (Figure 3c). Although cells
retain their spherical shape, cell wall and cell membrane, the presence
of ‘entangled fibres’ were observed in almost all cells accompanied by
the presence of vesicles. These vesicles were either filled with
electron-dense grains or were ‘empty’ (red dotted circles). Unlike
those observed in cells treated with 6a cells treated with 6b showed
more hollow spaces, suggesting disruption/dissolution of in cytosolic
matrix. The most striking feature was the presence of distinguishable
‘serpentiform’ septum (white arrow). All these observations were
found to be consistent irrespective of the concentration of 6b used.
Grigor'eva et al. 1% reported that destroyed/serpentiform septum
were commonly observed with S. aureus cells treated with chlor-
ohexidine; a cationic biguanide antimicrobial agent. Micrographs of S.
aureus treated with compound éc at MIC (Figure 3d) revealed a few
irregular and enlarged cells similar to those treated with 6a. The
septal division in these cells was found to crooked (white arrow) with
few cells showing space widening between two layers of cell
membrane (yellow arrow). Both concentric multimembrane struc-
tures and empty vesicles were seen (red dotted circle). In addition,
many cells showed nonuniform distribution of charge in cytosols
which appeared ‘white spots’ (white triangle). According to some

reports, this is due to a change in the chemical properties of the

85U8017 SUOWILIOD BAII8D) 8|qeo!dde 8y} Aq pauiencb afe sejone VO ‘8sn Jose|n 1oy Ariqi8ul|uQ A8|1M UO (SUOTIPUOD-pUe-SLLIBIAL0D" A3 | 1M AfeIq 1[eUT|UO//SdNY) SUORIPUOD Pue SWe | 8U}88S *[£202/50/£2] Uo AriqiTauliuo 8|1 ‘soueld sueyood Ad E0T00EZ0Z dpe/z00T OT/I0p/Wod" A3 (1M Akeid i jpuljuo//Sdiy Wwioiy papeojumod ‘0 ‘v8THTZST



15214184, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ardp.202300103 by Cochrane France, Wiley Online Library on [23/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

3
&
-
=
<
[a Ny
“BUIDAIAXOP :bsoulBnIab “d ‘|odiusydwelolyd sauaboap '3 ‘pIoe JIXIPIjeu :1jo2 "3 ‘UIDEXO|LI0U :Shainp °§ 104 pasn 3nip |0J3u0D,
*9UI|DAJBIID) ‘1] ‘UOIIRJIUSDUOD AJOJIGIYul [BWIUIW DA [12B4N0ION|4-G ‘N4-G SUOIIeIAIqqQY
ST0 143 ¥9 9T 8ZI-V¥9 91 91 e v9-Te Ze  ¥20T  9sC %9 43 4 8 S0 v9 1 el043u0D
459 419 419 419 459 419 419 ¢I1S  TIS  CTIS<  CIG< CIG< 1S TI6< A AT A ¥ ¥ 14 39
1419 1419 1419 419 1459 (419 419 1S TIS  CTIS<  TIG<  TIG< ¥9  TIG< ¥9  TIG< 43 ¥9 79 P9
91 8 2 2 8 91 8 8 8 8 8 8 4 4 4 ¥ G0 T G0 29
%9 ¥9 ¥9 %9 %9 ¥9 8 %9 %9 91  91-¢¢ 143 ze 43 91 143 T T T q9
C16< CI6<  ¢IS<  CIS<  CIG< C16< C1G<  TIG< CIG<  CTIS<  CIG< CIG< TI6<  TIS< CI6<  CTI6< T16< C16<  TIG< qs
143 43 91 91 43 43 ce 143 143 ze ¥9 %9 8 8 8 8 4 4 4 e9
449 419 419 95¢ 419 419 419 ¢S TIS  CTIS<  CIG< CIG< 43 143 Z 91 4 14 4 av
T16< CI16<  ¢IS<  CTIS<  TIG< 1419 T16<  TIG< TIS<  TIG<  CIG< CTIG< T16<  TIG< 1S TI6< 95¢ 95C 95T eg
8¢t 8¢t 8CT %9 8¢T 8cCT 8CT 8¢t 8¢t 8cCT 9SC CIS< 8¢T ¥9 8 %9 4 ¥ 14 ey
|_E\m1 8CT 49A0 elpawl ul sajep .umLQ 31 se pajenjeAs JO0N qg
C16< CIG<  CIS<  CIS<  CIG< T16< CI1G<  TIG< CIS<  9G¢<  CIG< CIG< T16<  TIG< C16<  CTI6< T16< T16<  TIG< eg
P 459 1449 95¢ 8T  TIG< 419 419 43 41 ¥9 8¢l  9S¢ 8 8 2 91 1 S0 SC0 nd-s
£ bIrax (++ [+ (+++ (1++8V  (POWYV) (gxew V) (gvxow  (PIIM)  (v4o0V) (++ (M) (+++3490) (++ (gwo V)  (PIM) (viou 7)  (+wiou) (PIM) spunodwod
s 43 +AXeW) J3xew) @oxew)  xaw) T8ISMd 6¥L8Md V) TOvVd t6Zv3a +v4p) [zva 13ly00TOV +8v4D) VOOIOV O00TOV  68SLT 49 661T 6611 191
: ‘> ‘av T60ZWD HL 4Ad3  6291d Zovvd 68¢v3 2019V -MVS VS -VS
E -Xaury) -Ovd TOvd
€ovvd
psoulBnJab sbuowiopnasd SauaBo.ap 1232pqoaug 1103 pb1ydLaYyIsy Snainp sn22020jAydpis

(Ju/8r) ul passaidxa sanjeA DN

(NFVd INOYIM) SIABALISP S} pUB N4-G J0j sanjeA (Tw/SM) DIN € 374V L

™ L_DPhG ARCH



PATIL ET AL

FIGURE 2 Self-assembly formed by (a) 6a, (b) 6b and (c) éc.

cytoplasmic composition. However, unlike in our case, reports have
found the spots to be darker. There have currently been no reports or
observations of white spots. Thus, this observation can be loosely
based on the idea that there might be some change in chemical
properties of cytoplasm. Cells treated with 6c at MICx0.5
concentration showed intact cell membranes with a more prominent
fibre-like structure (yellow triangle), implying DNA condensation.
Although no empty vesicles were seen, the septum was found to be
abnormally wide and blurry (white arrow), with no discernible mid-
line. White spots (white triangle) were seen in a few cells. Cells with
the lowest concentration of 6c tested had smooth regular cell
membranes, with only a few cells having a disrupted septum.
However, white spots (white triangles) indicating cytoplasmic
alteration were still evident.

These active compounds were also tested against Gram-
negative E. coli bacteria. The ultrastructure of E. coli is depicted in
Figure 4a. Control cells (untreated) were found to be rod or
ellipsoidal with a distinct cell wall. The cell membrane (white
arrow) connected to the cytoplasm and the cell wall (yellow arrow)
seemed to be separated by an electro-translucent layer. The lighter
electron density in the cell indicated the presence of a nucleoid
region consisting of naked DNA (yellow asterisk). The granular
electron-dense region marked the presence of ribosomes (yellow
asterisk). This structure corresponded to control images observed
in several pieces of the reported literature.’°=>%! However, the
morphology of cells changed when treated with 6a at MIC
(Figure 4b). Although cells showed smooth and continuous cell
walls, one can notice the presence of ‘plasmolysis space’ (yellow
triangle) within the cell. These plasmolytic spaces were more likely
generated on the apical region. It has been observed that

[54] [52,55]

treatment of cationic peptides, plant extracts, silver

1561 and honeym] has been shown to induce the formation

ions,
of such plasmolytic regions in E. coli. A few membrane-bound
white vesicles (dotted yellow circle) were also seen. Furthermore,
the darker patch within the plasmolysis space may be an
exocytotic vesicle or the result of the outpouching of the cell
membrane (dotted red circle). Schwarz and Koch *3! made a similar
finding while studying osmotically stressed E. coli cells in their
research. They concluded that the formation of endocytic vesicles
develops because phospholipid membranes have a limited capacity

ARCHPHARM DPhG—L22
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to contract, necessitating the removal of extra membranes to
create plasmolysis gaps. Cells treated with 6a at MIC x 0.5 showed
some presence of laminar plasmolysis space (white triangle) along
with previously observed defects. At MIC x 0.25, cells showed the
presence of endocytic vesicles but outpouching was rarely seen.
Cells treated with é6b at MIC, MIC x 0.5 and MIC x 0.25 (Figure 4c)
exhibited similar results. Interestingly, cells treated with 6c at MIC
showed the presence of extracellular matter (Figure 4d). Despite
the fact that none of the cells were empty or lysed, their cytosol
was abnormally electron dense. At all tested concentrations of é6c,
cells showed the presence of plasmolytic regions and irregular
entangled fibre-like structures (red arrow). At MIC x 0.25, concen-
tric multilayered vesicles similar to those found in S. aureus were
observed. Weigand et al.’%! observed a similar effect in cells
exposed to high temperature and alluded to them as ‘whorls’. They
concluded that these whorls are extra membrane production and
are linked to disruptions in membrane production during the

1571 observed similar whorls after

growth phase. Vetterli et a
treating cells with thanatin. They demonstrated that these
formations occur as a result of lipopolysaccharide transport and
outer membrane biogenesis inhibition in E. coli. However, unlike
cells treated with 6c at MIC or MICx0.5, laminar and apical
plasmolysis was uncommon. Furthermore, a few cells showed dark
spots (red asterisk), which may indicate the presence of phosphate

bodies.

24 |
strains

Effect of active 5-FU derivatives on clinical

Clinical strains used in this experiment are enlisted in Table 1. The
MIC values of 6a, 6b and 6c on the clinical isolates of Gram-positive
bacteria (S. aureus) and Gram-negative bacteria (E. coli, A. baumannii,
P. aeruginosa and K. pneumoniae) are depicted in Figure 5a-e. For
S. aureus, compound 6a exhibited the lowest MIC (0.5-1 pg/mL)
followed by 6c, which exhibited an MIC of 1 pg/mL in all the tested
clinical strains of S. aureus irrespective of its resistance. 6b
demonstrated a higher MIC (1-4 g/mL). In Gram-negative isolates,
when compared to 6a and 6c, the MIC values of compound 6éb were
found to be higher against the clinical strains of E. coli (16-32 pg/mL)
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FIGURE 3 Transmission electron microscopy (TEM) micrographs of (a) untreated Staphylococcus aureus cells; (b) cells treated with different
concentrations of 6a (MIC, MIC x 0.5 and MIC x 0.25); (c) cells treated with different concentrations of 6b (MIC, MIC x 0.5 and MIC x 0.25); and
(d) cells treated with different concentrations of 6c (MIC, MIC x 0.5 and MIC x 0.25). The white arrows in the images indicate the cell septum,
while the yellow arrows indicate the cell membrane. The white asterisk (*) signifies cell lysis/empty cells, while the blue asterisk (*) denotes a
bulging area. The yellow triangles represent entangled fibre-like structures, whereas the white triangle depicts the probable change in
cytoplasmic composition. Dotted red circles represent concentrated multimembrane structures or empty vesicles.

and P. aeruginosa (32-64 ug/mL). Similar to that of S. aureus, the MIC
values of 6¢c were found to be the same for all tested E. coli (4 pg/mL).
6a exhibited MIC ranging from 8 to 16 pg/mL against E. coli. MIC
values of 6a and 6c were fairly similar against clinical isolates of
P. aeruginosa (8-16 pg/mL). Interestingly, MIC values of 6a (4-32 pg/
mL) were found to be higher for A. baumannii followed by 6b
(8-16 pg/mL) and 6c (4-8 pug/mL). Also, in the case of K. pneumoniae,
6a and 6b exhibit more or less similar activity. Overall, 6¢c had lower
MIC values in both Gram-positive (<1g/mL) and Gram-negative

(<16 g/mL) bacteria. Our findings were encouraging given that
Gieringer et al.®® observed that the MIC values of 5-FU against
clinical Gram-negative isolates (K. pneumoniae and P. aeruginosa) were
>100 pg/mL and that the observed MIC could only be decreased
after 5-FU was combined with B-lactam antibiotics. Furthermore, the
MIC values for 6c did not differ from those obtained with reference
strains. This suggests that 6c may have possibly overcome the
resistance mechanism that exists within tested clinical strains.

Therefore, 6¢ was selected for further testing.
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MIC x 0.5

MIC x 0.25

FIGURE 4 Transmission electron microscopy (TEM) micrographs depicting (a) control Escherichia coli cells (untreated), (b) E. coli cells treated
with different concentrations (MIC, MIC x 0.5 and MIC x 0.25) of 6a, (c) E. coli cells treated with different concentrations (MIC, MIC x 0.5 and
MIC x 0.25) of éb, (d) E. coli cells treated with different concentration (MIC, MIC x 0.5 and MIC x 0.25) of 6c. In control images, the white arrow
and yellow arrow signify the cell's inner and outer membrane, respectively. The white and yellow asterisk (*) show cytosolic region and
ribosomes, respectively. In the treated cells, apical and laminar plasmolytic areas are marked by yellow and white triangles, respectively. The
membrane-bound endocytic vesicles and outpouching of the cell membrane are highlighted by a yellow and red dotted circle, respectively. The
red arrow shows irregular entangled fibre-like structure ‘whorls’, and the red asterisk shows the presence of phosphate bodies.

2.5 | Membrane permeabilization assays

The transmission electron microscopy (TEM) micrographs revealed
that the treated cells had cytoplasmic and septal anomalies, indicating
DNA condensation and cell division defects, respectively. Further-
more, cells treated with 6c formed whorls or multilayered vesicles,
indicating possible membrane formation issues. As a result, the
authors decided to investigate the effect of 6c on the membrane

permeability of Gram-positive and Gram-negative bacteria. Perme-
ability of Gram-positive bacteria (S. aureus SA1199) was carried out
by using propidium iodide (PI) (Sigma-Aldrich). Pl is a membrane-
impermeable stain that only produces fluorescence after binding to
double-stranded DNA. Hence, it serves as a marker for membrane
disruption or permeation. As observed from Figure 6a, MICx 2
(p <0.001) and MIC (p<0.05) concentrations caused a significant
membrane perturbation in S. aureus bacteria as compared to
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FIGURE 5 Bar graph representing the effect of 6a (red bar), 6b (black bar) and éc (blue bar) on clinical strains of (a) Staphylococcus aureus,
(b) Escherichia coli, (c) Acinetobacter baumannii, (d) Pseudomonas aeruginosa, (e) Klebsiella pneumoniae. Details of clinical strains used in this

experiment are listed in Table 1.

phosphate-buffered saline (PBS). However, thereafter decreasing 6¢
concentration resulted in nonsignificant permeabilization in S. aureus.

The effect of compound 6c on outer membrane permeabilization
(OMP) of a Gram-negative bacteria was evaluated in E. coli (T-AG 100,
AG100 cells transformed with pACYC184-ampRC) and E. aerogenes
EA289. Nitrocefin, a B-lactamase hydrolysable molecule (Oxoid™;
Thermo Fisher Scientific Inc.™) was used to determine OMP. In this
experiment, polymyxin B (PMB) was employed as a positive control.
The permeabilization of the outer membranes by PMB was shown to
be relatively stable after 16 pug/mL for both E. coli and E. aerogenes,
hence a concentration of 16 pg/mL of PMB was regarded to yield
100% OMP (data not shown). The %$OMP induced by PMB in E. coli
(Figure 6b) bacteria reduced abruptly after 1 pg/mL, in contrast to the
response observed in E. aerogenes bacteria wherein a steady decrease
in %OMP was observed (Figure 6c). The %OMP induced by 6c in
E. coli bacteria (Figure 5b) decreased when 6c concentrations were
decreased. At twice the MIC concentration, %OMP induced by 6c
(82.993+2.14) was found to be comparable to PMB (1 pg/mL)
(82.600 £ 6.86), which then decreased (56.424 +4.56) at the MIC
concentration. Similarly, to the response seen with PMB, a decrease in
6c concentrations caused an abrupt drop in %OMP at MIC x0.5 and

lower concentrations (<10%). In E. aerogenes, 6c produced a dose-
dependent decrease in %OMP (Figure 5c). The permeabilization of the
outer membrane caused by 6c (MIC x 2) (41.418 + 4.56) was compara-
ble to that caused by PMB (2ug/mL) (43.539 +6.73), while the
permeabilization caused by MIC was found to be 30.358 + 3.04%. At
MIC x 0.5, $OMP was found to be 16.615+3.706, which was
comparable to PMB (1 pug/mL, 17.698 + 0.54). Furthermore, a reduction
in 6¢ resulted in <15% OMP. Considering the results obtained in both
the test bacteria, 6c produced a pronounced effect on the outer
membrane of bacteria at MIC or higher concentration. Borselli et al.>”!
summarized that compounds that cause even a small breach in the
membrane may permit the passage of an electric current that
depolarizes the inner membrane of Gram-negative bacteria without
permitting the passage of larger molecules. Membrane potential shifts
may interfere with free energy, which enables cells to do chemical and
mechanical work such as ATP synthesis.’®® However, it was revealed
that compound 6c, at MIC x 2 and MIC concentrations, induced less
than 15% of inner membrane depolarization in both E. coli (Supporting
Information: Figure S16a) and E. aerogenes (Supporting Information:
Figure S16b). Since then, a further drop in MIC has had no discernible
impact on membrane depolarization. This concludes that depolarization
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FIGURE 6 (a) The membrane permeability of Staphylococcus aureus caused by different concentrations of 6c in (SA-1199) using the
propidium iodide (Pl) assay. Statistical significance (*p < 0.05; ***p < 0.001) was determined using one-way analysis of variance (ANOVA) in
multiple comparisons with reference phosphate-buffered saline, pH 7.4 (PBS). (b) Results of nitrocefin hydrolysis assay in Escherichia coli (T-AG
100) and (c) Enterobacter aerogenes (EA289) are represented by a bar graph. In this figure, the red bar represents the percent outer membrane
permeability (% OMP) at the time interval of 60 min, and the black bar represents the area under the curve (AUC) obtained from the kinetic
experiment conducted for 60 min.
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FIGURE 7 (a) Bar graph showing a statistical comparison of different concentrations of éc on the motility of the Pseudomonas aeruginosa
(PAO1) strain. (b) Image of results of swimming, swarming and twitching. The minimal inhibitory concentration (MIC) value of 6c (8 ug/mL) on
PAO1 was deduced by the microbroth dilution method in MH-II broth. All experiments were done at least three times, and statistical significance
was determined using one-way analysis of variance (ANOVA) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Twitching results being very
faded is outlined by a marker.
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FIGURE 8 (a) Bar graph and (b) image depicting % haemolysis caused by different concentrations of 6c (10-100 pg/mL) in comparison to the
positive control (1% w/v Triton-X) and negative control (phosphate-buffered saline [PBS], pH = 7.4).

is not a clear mechanism of action for 6c. Based on the observed
results, one can speculate on the reason for 6c's failure to inhibit the
efflux mechanism in bacteria. Depolarization would have de-energized
the efflux pump since it is powered by a proton gradient across the
inner membrane, which would have increased the efficiency of 6c in

test efflux mutants, which was not observed.

2.6 | Motility assays

Bacteria have evolved a diverse set of motility mechanisms to take
advantage of available nutrients and their surroundings. Bacterial motility
plays a key role in its virulence and antibiotic resistance.
P. aeruginosa bacteria approach a surface using swimming motility
mediated by flagella, adhere and then spread further via surface-
associated motilities known as swarming and twitching, mediated
by numerous flagella and type IV pili, respectively.[(’” Figure 7ab
demonstrates the effect of inhibitory and subinhibitory concentrations of
6c¢ on the motility of P. aeruginosa (PAO1). As observed, the rotating
flagellar movements of individual bacteria, known as swimming motility,
were significantly (p <0.0001) inhibited even in the presence of the
lowest concentration of 6c tested (0.5pg/mL). Similarly, swarming
motility, characterized by the formation of complex dendritic, fractal-
like patterns, could be seen to be significantly (p < 0.05) inhibited by 6c at
0.5pg/mL and more profoundly (p <0.0001) at concentrations higher
than 1pg/mL. These findings imply that 6c, at MIC (8 ug/mL) and
subinhibitory concentrations, inhibits both P. aeuroginosa's rotatory and
oscillatory flagellar motility, making bacterial migration difficult. In 2009,
Ueda et al.® concluded that uracil biosynthesis was important for
swarming regulons and some quorum sensors. They observed that 5-FU
effectively suppressed these quorum sensors, inhibiting swarming-related
motility in P. aeruginosa. Additionally, Dimmit et al.l*? found that adding
5-FU to bacterial cultures resulted in the synthesis of aberrant flagellin
protein, resulting in abnormal flagellar motility. Additionally, Kerr®® found
that 5-FU can effectively delay flagellum morphogenesis in Didymium

nigripes. In light of these findings, it is plausible that our compound, 6c,
may have exhibited similar effects due to the presence of a 5-FU ring in
its structure. Interestingly, twitching motility is independent of the
presence of a flagellum and solely depends on the presence of retractile
type-IV pili. However, it was found that twitching motility was
considerably inhibited (p < 0.01) at the tested lowest 6c concentration
(0.5 pug/mL). In 2022, Niazy et al®? conducted experiments comparing
the motility of reference P. aeruginosa and pyrE gene knockout mutants of
P. aeruginosa (ApyrE). They observed that the deletion of the pyrE gene
rendered P. aeruginosa uracil scavengers and arrested their twitching
motility. They concluded that pyrimidine synthesis is crucial for P.
aeruginosa motility. Furthermore, several studies revealed that 5-FU
inhibited pyrimidine synthesis in Pseudomonas species and reduced
quorum sensing and biofilm growth via uracil-related mutations in carA,
carB, pyrB, pyrC, pyrD, pyrE and pyrF.l'6¢5%8] As a result, it is probable that
6c altered pyrimidine synthesis, which in turn affected PAO1's twitching
ability. These findings are intriguing since 6c altered bacterial surface
translocation, which may later establish the foundation for its potential to
decrease biofilm formation.

2.7 | Haemolytic activity

Red blood cells (RBCs) are frequently used as a model for mammalian cell
membranes and the inner and outer leaflet compositions. Given the ease
of isolating erythrocytes, the haemolytic activity assay provides a useful
technique for rapid initial toxicity assessment. Many compounds can
solubilize RBC membranes, causing the oxygen-carrying pigment
haemoglobin to be released into the surrounding media, which can be
evaluated as a toxicity response. As seen from Figure 8b, there is no
release of haemoglobin in the presence of PBS, pH 7.4, whereas in the
presence of 1% w/v Triton-X, a known surface-active agent, RBCs
completely burst open (note: no cell pellet observed after complete
bursting of RBC). It was illustrated in Figure 8a that 6c exhibited
nonhaemolytic activity at 50 pg/mL (% haemolysis = 23.062 + 0.01).
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When compared to the MIC values of CA-27 (the highest MIC was found
for E. aerogenes is 16 pg/mL), the haemolytic concentrations are

>threefold higher, suggesting that the compound is safe and efficient.

3 | CONCLUSION

The effects of phosphonium-based 5-FU derivatives on Gram-positive and
Gram-negative bacteria are highlighted in this investigation. The study
shows that tri-hexylphosphonium substitution on both nitrogen of the 5-
FU skeleton is required for antibacterial activity against both Gram-
positive and Gram-negative bacteria. Furthermore, asymmetric spacer
groups were found to improve the antibacterial properties of
phosphonium-based 5-FU derivatives. Active 5-FU derivatives were
found to have a considerable effect on cell division and cytoplasmic
composition in S. aureus. In E. coli, these compounds triggered plasmolysis
as well as the formation of vesicles within the cytoplasm, indicating
cytoplasmic disintegration and phospholipid membrane contraction.
Furthermore, both S. aureus and E. coli cells had fibre-like strands and
concentric vesicles, which could indicate DNA condensation and stress
responses, respectively. However, more research is needed to corroborate
these findings. Interestingly, in accordance with the microscopy findings,
6c¢ generated considerable membrane disruption or depolarization only at
MIC doses. Cell membranes appeared to be unaffected at lower doses
than MIC. To conclude, the mechanism of action of phosphonium-based
5-FU derivatives on Gram-positive bacteria primarily involves disrupting
cell division and triggering cytosolic matrix change. At MIC concentration,
it induces membrane perturbation in S. aureus cells. In Gram-negative
bacteria (E. coli), these compounds essentially cause plasmolysis, with only
compound 6c showing additional evidence of disruptions in membrane
production. Regardless of the clinical strain resistance profile, the most
active compound, 6c, displayed consistent MIC values, suggesting its
efficiency in treating drug-resistant bacteria. It was intriguing to find that
6c had a considerable influence on bacterial motility, implying that it may
be used as an antibiofilm agent. Although present research is focused on
the antibacterial activity of phosphonium-based 5-FU derivatives, the
possibility of 5-FU derivatives being combined with conventional
antibiotics will be investigated in the future. Furthermore, the nonhae-
molytic and self-assembling capabilities of 6c may pave the way for the
development of phosphonium-based 5-FU nanovesicles for AMR drug
delivery.

4 | EXPERIMENTAL

41 | General procedure for the synthesis and
characterization of 5-FU derivatives

41.1 | Synthesis of mono-phosphonium salts

First, the N1-position of 5-FU was protected by the tBoc protective group
using Boc,O in CH5CN to give 1 in 63% vyield. Then, treatment of 1 with

NaH in DMF followed by the addition of di-bromoalkanes allowed the
alkylation N3-position giving the two intermediaries 2a and 2b in
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moderate yields. Compound 2 underwent the usual deprotection of
N-tBoc by K,CO5 in MeOH and gave 3a and 3b in excellent yields. The
last step was a microwave-assisted phosphorylation of 3 using tri-
alkylphosphine in acetonitrile for 4 h at 85°C. According to this route, the
two mono-phosphonium salts 4a and 4b were obtained in good yields.

4.1.2 | Synthesis of di-phosphonium salts

This strategy could be extended to synthesise a first asymmetric
di-phosphonium target 6c bearing two alkyl chains of different lengths
(C10 and C4). Thus, the free N1-position of 3b was alkylated with 1,4-di-
bromobutane in a NaH suspension in DMF and afforded di-brominated
compounds 5c in 52% vyield. Finally, 5¢c was di-phosphorylated according
to the aforementioned microwaves-assisted protocol and led to the target
6c in good vyield. Four other symmetrical di-phosphonium salts bearing
identical alkyl chains (C4 or C10) could be synthesised directly from 5-FU.
The commercial product underwent a double N-alkylation after treatment
with NaH followed by the addition of 4 eq. of di-bromoalkanes (1,4- or
1,10-dibromoalkane). Finally, compounds 5 obtained in moderate yields
were di-phosphorylated with 4 eq. of several tri-alkylphosphines (P(Hex)s,
P(But); and P(Oct),) affording targets 6a, 6b, 6d and 6e only in a two-step
sequence.

4.1.3 | Characterization of the 5-FU derivatives
All compounds were characterized by *H NMR, 3C NMR, 3P NMR and
mass spectroscopy. *H NMR and *3C NMR spectra were recorded at
20°C on a Bruker spectrometer at 250 MHz (*H) and 62.5 MHz (*3C).
Chemical shifts are given in ppm referenced to the solvent residual peak
(*H, €DCl,, 7.26 ppm; and *3C, 77 ppm). *H NMR coupling constants (J)
are reported in Hertz. Electrospray ionization mass spectra (ESI-MS) and
elemental analyses were performed at the spectropole of the Faculté des
Sciences et Techniques de Saint Jerdme, Marseille, France. ESI-MS was
recorded with an API/Plus Sciex triple quadrupole spectrophotometer in
the positive mode. Analytical thin layer chromatography (TLC) was
performed on precoated glass plates with Kieselgel 60 F254 neutral with
an aluminium support plate (0.25 mm), SDS. Compounds were revealed by
UV light (254 nm) after spraying with 5% sulphuric acid ethanol solution
and heating. Column chromatography was performed on Merck silica gel
60 (0.063-0.200 mm) or silica gel reverse phase C18.

The InChl codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

4.2 | Susceptibility assays
421 | Susceptibility testing on ESKAPE group
bacteria

The MIC of 5-FU derivatives was performed according to the Clinical
and Laboratory Standards Institute (CLSI) guidelines M07-A9%”! using
the microbroth dilution methods. The broth microdilution tests were
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performed in sterile, flat-bottomed, 96-well microplates (Corning™
CoStar™ Merck). The test was performed by the BAC-SCREEN
platform in our lab. Briefly, 5-FU derivatives were solubilized in
dimethyl sulphoxide (DMSO) and further diluted with sterile
distilled water to obtain twofold serial dilutions ranging from 128

Archiv der Pharmazie

to 0.25 pug/mL. The final test concentration consisted of <1% w/v
DMSO. An aliquot (100 uL) of the prepared concentrations was
transferred to the well of the microplate. Optimally, within 15 min of
preparation, the inoculum was adjusted in Muller Hinton (MH-I)
cation-adjusted (MH-Il) broth purchased from Merck Millipore to
obtain approximately 5x10° CFU/mL. E. faecium was adjusted
in MH-| supplemented with 5% of defibrinated horse blood and
20mg/L of PB-nicotinamide adenine dinucleotide. The prepared
inoculum (100 uL) was then transferred to each well of the
microplate. The plates were incubated for 18 h at 37°C. To indicate
bacterial growth, lodonitrotetrazolium chloride (INT) purchased from
Tokyo Chemical Industry Co., Ltd. (TCI, Europe N.V.) was used. An
aliquot of 40 pL of 0.2 mg/mL INT solution was added to each well.
All MIC determinations were repeated at least three times in an

independent experiment.

4.2.2 | Susceptibility testing on efflux mutants

Similar to the susceptibility testing on ESKAPE group bacteria, MIC
values were determined against efflux mutants enlisted in Table 1.
The compounds that showed differential MIC values than their
respective parent (wild) strains were then retested in the presence of

20 pug/mL of a well-known efflux pump inhibitor called PABN.[27’68]

4.3 | Electron microscopy

4.3.1 | Morphology of self-assembly formed
by active 5-FU derivatives

The ability of 5-FU derivatives to self-assemble was examined using
TEM. An aliquot (20 uL) of an aqueous suspension (100 ug/mL) of 6a,
6b and 6c was placed on a 300-mesh copper grid covered by a thin
amorphous carbon film for electron microscopy. Negative staining was
achieved by adding 10 uL of 1% w/v aqueous ammonium molybdate
solution. Measurements were carried out using a Philips CM10 TEM
(FEI Company) operated at 80 kV and images were recorded by the
2k x 2k side 27-mounted Veleta CCD camera (Olympus).

4.3.2 | Morphology of cells treated with active 5-FU
derivatives

The ultrastructural changes within the bacterial cells before and after
treatment with active 5-FU derivatives (6a, 6b and 6c) were observed
using an FEI Tecnai G2-20 TWIN TEM with a 200 kV field emission
and a Gatan Oneview camera (4 K x 4 K). Briefly, mid-log phased cell

suspensions of S. aureus (ATCC 25923) and E. coli (ATCC 11775)
were incubated separately at 37°C for 4 h with test concentrations of
5-FU derivatives (MIC x 2, MIC and MIC x 0.5). Untreated cells serve
as a control. Postincubation for 4h, cells were harvested by
centrifugation (4500 rpm, 10 min) and primed at 22°C by adding an
equal volume of 2% glutaraldehyde prepared in PBS, pH = 7.4. After
20 min, the medium was replaced with 1% glutaraldehyde and
incubated for another 1 h at 4°C. Cells were then washed with PBS
and concentrated in 2% agarose (LMP Agarose; Sigma-Aldrich). To
postfix the cells, 1% Osmium Tetroxide (EMS 19150) was added, and
the samples were left at room temperature for 1 h. Samples were
again washed in distilled water and treated with 1% uranyl acetate
(EMS 22400) for 1h at 4°C in the dark. The samples were then
dehydrated with graded ethanol solutions, embedded in Epon
(Polysciences 8792), and left to polymerize over the weekend. From
each sample, ultrathin sections (approximately 100 nm) were cut with
a diamond knife and stained with uranyl acetate and lead citrate on

grids. Stained sections were observed with TEM.

44 |
strains

Effect of active 5-FU derivatives on clinical

The compounds that showed considerable activity against both
Gram-negative and Gram-positive bacteria were tested further on
clinically isolated strains. The test was carried out similarly as

mentioned in the susceptibility experiment given in Section 4.2.

4.5 | Membrane permeabilization assays
451 | Membrane perturbation in Gram-positive
bacteria using the Pl assay

S. aureus (SA-1199) was grown to the mid-log phase and adjusted to
ODgoo 0.3 in MH-Il medium. The prepared bacterial suspension
(1 mL) was then mixed with 1 mL of Pl solution (10 pg/mL). An aliquot
(50 pL) of PI-mixed bacterial suspension was added to each well in a
96-well plate. Subsequently, 50 pL of twofold of desired concentra-
tion of 6c was added to the PI-mixed bacterial suspension and
incubated with gentle shaking for 30min. Pl fluorescence was
measured at excitation and emission wavelengths of 580 and 620 nm,
respectively. Cells treated with PBS and Triton X-100 (1% w/v)

served as a negative as a positive control.

452 | Membrane perturbation in Gram-negative
bacteria using nitrocefin assay

The ability of the most active 6c to permeabilize the outer membrane of
bacteria was estimated using a colourimetric nitrocefin hydrolysis
assay.[69] Nitrocefin is a chromogenic cephalosporin that changes colour
when hydrolysed by periplasmic 3-lactamases from yellow to red. For this
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assay, fresh bacterial suspension (OD¢gg 0.5) of EA289 and T-AG100 was
prepared in potassium phosphate buffer (PPB, pH 7.4) containing MgCl,
(1 mM). An aliquot (100 uL) of the prepared cell suspension was then
transferred to each well of the flat-bottomed, 96-well microplate
(Corning™ CoStar™) followed by 50 uL of 6c test solutions (fourfold
the desired concentration). Similarly, 50 uL of PMB solution (32-0.25 ug/
mL) and PPB buffer, pH 7.4 were added separately to other wells to serve
as positive and negative controls, respectively. An aliquot (50 uL) of
nitrocefin solution was added to each well just before reading the
microplate, and the absorbance was measured in a microplate reader
(Tecan, Infinite M200 Pro) at 490 nm every 1 min for 60 min.

4.6 | Motility assay

Motility is the most impressive ability of bacteria, which aids its
translocation to preferred hosts and access to optimal colonization
sites within them. Tests were performed to evaluate the ability of 6c
to suppress motility functions in bacteria. For this assay, P. aeruginosa
PAO1 was grown on 1.5% w/v Luria-Bertani (LB) agar and
suspended in LB broth just before the experiment to achieve a cell
density of ODggo 0.1.

46.1 | Swimming

Swim plates were prepared using media consisting of tryptone (10 g/L),
NaCl (5g/L) and agarose (3 g/L). Inoculation of cell suspension was
carried out by gently touching a single spot at the centre of the plate
using a sterile toothpick. The plates were then incubated at 30°C for
12-14h.5Y

4.6.2 | Swarming

Swarming plates were prepared using media consisting of bactoagar
(5 g/L), nutrient broth (8 g/L) and glucose (5 g/L). Swarm plates were
typically allowed to dry at room temperature overnight before being
used. Inoculation and incubation were carried out in the same way as

with swim plates.!®%!

4.6.3 | Twitching

Twitch plates were prepared using tryptone (10 g/L), yeast extract
(5g/L), NaCl (10 g/L) and granulated agar (10 g/L). Plates were dried
and stabbed using a sterile toothpick with the inoculum perpendicular
to the agar down to the agar-plastic interface. Plates were then
incubated in a humidified environment at 37°C for 24 h. The
following day, plates were flooded with TM developer solution. After
30 min, the plates were decanted, and the opaque white halo

obtained at the bottom of the plates was observed and measured.””%!
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4.7 | Haemolytic activity

Residual human blood was procured from HIA-Laveran. The RBCs
were separated from plasma by centrifugation at 2000 rpm for
10 min, washed and resuspended in PBS (pH 7.4). A stock solution of
6c¢ was prepared in DMSO (20 mg/mL) and diluted with PBS to yield
100-fold the desired concentration (10-100 pg/mL). Further, 10 pL
of each concentration was added separately to centrifuge tubes
containing 490 uL of PBS (pH 7.4) and 500 uL of RBC dispersion.
Concurrently, RBC dispersion was treated separately with PBS (pH
7.4) and Triton X-100 (final concentration: 1% w/v) were used as
negative and positive controls, respectively. All the tubes were
incubated for 30 min at 37°C and later centrifuged at 2000 rpm for
10 min. The supernatants thus obtained (400 uL) were transferred to
spectrometric cuvettes, and a Cobas 6000 analyser (Hitachi) was
used to calculate the percentage haemoglobin release at 550 nm. The
following Equation (1) was used to calculate the percentage of

haemolysis:

% Haemolysis
_ (Absorbance of test — Absorbance of negative control)

(Absorbance of positive control - Absorbance of (1)
negative control)
x 100.

As per Amin et al., a haemolysis value above 25% was deemed to

be haemolytic.””"

4.8 | Statistical analysis

Graphs were plotted using GraphPad Prism 6 (GraphPad Inc.). Data
were analysed using the student t-test analysis for differences
between the two groups, and findings were expressed as means + SD.
For more than one group one-way analysis of variance, followed by
Tukey's multiple comparisons was used. All assays included three
replicates and were repeated in at least three independent experi-
ments. A p<0.05 was considered to be statistically significant.
*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001.
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