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Design, synthesis and antibacterial evaluation of a
polycationic calix[4]arene derivative alone and in
combination with antibiotics+
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The growing antibiotic resistance phenomenon continues to stimulate the search for new compounds and
strategies to combat bacterial infections. In this study, we designed and synthesized a new polycationic
macrocyclic compound (2) bearing four N-methyldiethanol ammonium groups clustered and circularly or-
ganized by a calix[4larene scaffold. The in vitro activity of compound 2, alone and in combination with
known antibiotics (ofloxacin, chloramphenicol or tetracycline), was assessed against strains of Staphylococ-
cus aureus (ATCC 6538 and methicillin-resistant isolate 15), S. epidermidis (ATCC 35984 and methicillin-
resistant isolate 57), and Pseudomonas aeruginosa (ATCC 9027 and antibiotic-resistant isolate 1). Calix[4]ar-
ene derivative 2 showed significant antibacterial activity against ATCC and methicillin-resistant Gram posi-
tive Staphylococci, improved the stability of tetracycline in water, and in combination with antibiotics en-
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Introduction

The discovery of antibiotics has revolutionized the treatment
and prevention of infectious diseases considered incurable in
the past. But, unfortunately, overuse or misuse of antibiotics
and gene recombination mechanisms have led to the onset of
a selection of resistant bacteria, with the result being that
common infections could once again become fatal. For this
reason, the fight against community-acquired or nosocomial
bacterial infections is a subject of topicality in the field of
public health and stimulates an urgent need for new antibi-
otics and strategies.

Calix[n]arenes are a family of oligomeric phenolic macro-
cycles of great interest in host-guest chemistry.> The low cy-
totoxicity and limited immunogenicity of water-soluble
calix[n]arene derivatives® are features that have opened the
way to the investigation of these macrocycles in the pharma-
ceutical and biomedical fields." The functionalization of the
calixarene backbone has provided a variety of pharmacologi-
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hanced the antibiotic efficacy against Gram negative P. aeruginosa by an additive effect.

cally active derivatives, including compounds with antimicro-
bial activity.” The covalent conjugation of nalidixic acid to
the calix[4]arene skeleton provided a prodrug with anti-
bacterial activity,’ and the clustering of multiple
guanidinium units onto a calix[4]arene platform provided
polycationic oligomers with higher antibacterial activity and
lower cytotoxicity than the monomeric analogues versus eu-
karyotic cells.”® We ourselves observed that the arrangement
of multiple units of fucose onto a calix[4Jarene platform gave
a Pseudomonas aeruginosa biofilm inhibitor’ and demon-
strated that the entrapment of a nitric oxide radical photo-
donor' or photosensitizers’' into a polycationic micellar
calix[4]Jarene resulted in light-controlled bactericidal
formulations. In the search for new antibacterial compounds,
the ability of the hydrophobic cavity of calix[n]arene deriva-
tives to form inclusion complexes with metals such as Ag
ions'> or antibiotics such as isoniazid"® and fluoro-
quinolones™* also appeared very promising. Indeed, the inclu-
sion complexes resulted in an enhancement of the antibiotic
physicochemical and biopharmaceutical properties.

Since drug pairs can interact synergistically or additively
to yield effects larger than those expected from the individual
drugs, the combination of antibiotics is considered an option
to combat antibiotic-resistant bacteria. With this in mind,
here we report the synthesis of a new polycationic calix[4]ar-
ene derivative (2) and the evaluation of its antibacterial activ-
ity alone and in combination with ofloxacin, chlorampheni-
col or tetracycline. Additivity, synergy and antagonism were
evaluated in vitro by the fractional inhibitory concentration

This journal is © The Royal Society of Chemistry 2018
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index (FIC) against bacterial reference strains (Staphylococcus
aureus ATCC 6538, S. epidermidis ATCC 35984, and Pseudomo-
nas aeruginosa ATCC 9027) representative of important patho-
gens currently encountered in medical practice, and against
methicillin-resistant S. aureus (MRSA) 15 and methicillin-
resistant S. epidermidis (MRSE) 57, and antibiotic-resistant P.
aeruginosa isolate 1, derived from patients undergoing cata-
ract surgery."®

Results and discussion

Design, synthesis and structural characterization of calix[4]
arene derivative 2

In the design of a new water-soluble calix[4Jarene derivative
endowed with antibacterial properties, we selected
N-methyldiethanol ammonium moieties as cationic polar
head groups because of the known ability of N-methyl-
hydroxylamines to inhibit the growth of Gram-positive and
Gram-negative bacteria without harmful effects on eukaryotic
cells.'® Recently, we demonstrated that a calix[4]arene deriva-
tive bearing N-dimethylethanol ammonium moieties as a
polycationic nanocarrier of photo-activated drugs exhibited
low cytotoxicity on eukaryotic cells and photo-induced anti-
bacterial efficacy.'”'®

To introduce four N-methyldiethanol ammonium groups
onto the upper rim of a calix[4]arene skeleton blocked in a
cone conformation (Scheme 1), we reacted the tetra-propoxy-
p-chloromethyl-calix[4]arene derivative (1), prepared by a
procedure  described in  the literature,'"®  with
N-methyldiethanolamine in THF as the solvent. Compound 2
(Scheme 1) was obtained in high yield (86%) and character-
ized by NMR and high-resolution ESI-MS spectrometry. The
pattern of the signals in the NMR and HR ESI-MS spectra
were indicative of an exhaustive tetra-functionalization of the
calix[4]arene upper rim. Dynamic light scattering measure-
ments showed that in water at the concentration used in this
work, the calix[4]arene derivative (2) did not form aggregates
despite its amphiphilic structure.

Calix[4]arene derivative 2 in combination with antibiotics

Interestingly, we observed that compound 2 speeded up the
dissolution of ofloxacin, chloramphenicol, or tetracycline in
water, when it was added to each antibiotic in a 1:1 molar
ratio, and reduced the degradation of tetracycline in water at
37 °C. Fig. 1 shows that the concentration of tetracycline al-
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Scheme 1 Synthesis of polycationic calix[4larene derivative 2 from
tetra-propoxy-p-chloromethyl-calix[4]arene derivative 1.
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Fig. 1 Stability of tetracycline in water at 37 °C alone (circle) and in
the presence of calix[4]arene derivative 2 (square).

one and in the presence of calix[4]arene derivative 2 de-
creases following an exponential decay. After 7 days of incu-
bation, the amount of tetracycline in the presence of calix[4]
arene 2 was more than double that of tetracycline alone. A
half-life of 3.0 and 8.7 days was calculated for tetracycline al-
one and in the presence of calix[4]arene derivative 2, respec-
tively, corresponding to an enhancement of the tetracycline
half-life of about three-fold. This behavior can be associated
with the noted ability of calix[4]arene derivatives to establish
noncovalent host-guest interactions with a variety of ions and
neutral molecules. Enhancing the stability of tetracycline is
very appealing to improve the pharmaceutical formulation of
this antibiotic. As an example, tetracycline for ophthalmic ap-
plication is marked as an extemporaneous preparation under-
going rapid degradation once reconstituted.

Antibacterial activity of calix[4Jarene derivative 2 alone and in
combination with antibiotics

The antibacterial activity of compound 2 was tested by a
microdilution method. The MIC and MBC values, summa-
rized in Table 1, showed that calix[4]arene derivative 2 pos-
sesses intrinsic antibacterial activity. Compound 2 was more
effective against Staphylococcus strains (MIC 3.9 ug mL™" for
both ATCC and antibiotic-resistant strains) than P. aeruginosa
ones (MIC 125 ug mL™* for ATCC and 250 pug mL™* for
antibiotic-resistant isolate 1). The higher biocide effect
against Gram positive compared to Gram negative bacteria
agrees with the known major susceptibility of Gram positive
bacteria versus ammonium quaternary salts.>’ Regarding the
mechanism of action, it is plausible that analogously to other
polycationic calixarene derivatives,>'>* the antibacterial activ-
ity of calix[4]arene derivative 2 is related to the perturbation
of the bacterial membrane. Polycationic compound 2 can es-
tablish electrostatic interactions with the negatively charged
bacterial surface, and hydrogen bonds and hydrophobic in-
teractions involving OH groups and aromatic rings and alkyl
chains, respectively, can also occur in the interaction of com-
pound 2 with the bacterial membrane. Compared to antibi-
otics, compound 2 was more effective than ofloxacin and chlor-
amphenicol against all the resistant strains: Staphylococci
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Table 1 Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of calix[4larene derivative 2 and antibiotics (ug mL™),
MIC (ug mL™) and fractional inhibitory concentration index (FICI) of calix[4larene 2/antibiotic combinations

Calixarene 2 +

Calixarene 2 + Calixarene 2 +

Calixarene 2 OFL OFL CAM CAM TET TET
Strain MIC MBC MIC MBC  MIC* FICI? MIC MBC MIC* FIC’ MIC MBC MIC* FICT®
S. aureus ATCC 6538 14 8 025 0.5 1+025 1.25 4 8 4+05 112 0125 4 4+0.06 1.48
MRSA 15 4 8 512 >2048 4+1 8 128 4+05 1.06 1 16 4+0.03 1.03
S. epidermidis ATCC 35984 4 8 025 0.5 1+025 1.25 16 128 4+05 1.03 0.5 8 4+0.03 1.06
MRSE 57 4 8 512  >2048 4+1 8 256 4+05 1.06 1 16 4+0.03 1.03
P. aeruginosa ATCC 9027 128 256 2 2 8+2 1.06 64 128 64+8 0.62 16 32 128+1 1.06
P. aeruginosa isolate 1 256 256 256 512 128 + 32 0.62 512 1024 128 +16 0.53 16 32 128 +1 0.56

OFL = ofloxacin; CAM = chloramphenicol; TET = tetracycline. “ Concentration of calix[4]Jarene 2 and antibiotic, respectively, at the MIC of their
combination. ” FICI <0.5 (Synergy), 0.5-1.0 (Additivity), 1.0-2.0 (Indifference).

MRSA 15 and MRSE 57 and P. aeruginosa isolate 1 (see
Table 1). Compound 2 showed MIC 131-fold and MBC 262-fold
lower than ofloxacin against MRSA 15 and MRSE 57; MIC and
MBC 16-fold higher than ofloxacin were instead found against
the ATCC strains of S. aureus and S. epidermidis.

Analogously, calix[4]Jarene 2 showed similar MIC and
2-fold lower MBC than ofloxacin against resistant P.
aeruginosa isolate 1 and MIC 62-fold and MBC 125-fold
higher than ofloxacin against the ATCC strain.

Compared to chloramphenicol, calix[4]Jarene 2 showed
similar antibacterial activity against S. aureus ATCC 6538 but
higher activity than chloramphenicol against S. aureus MRSA
15 (MIC 2-fold and MBC 16-fold lower), S. epidermidis ATCC
35984 (MIC 4-fold and MBC 16-fold lower) and S. epidermidis
MRSE 57 (MIC 2-fold and MBC 32-fold lower). Regarding the
P. aeruginosa strains, calix[4Jarene 2 was more effective than
chloramphenicol against isolate 1 (MIC 2-fold and MBC
4-fold lower), but it was less effective against P. aeruginosa
ATCC 9027 (MIC and MBC 2-fold higher). Notably, the sus-
ceptibility to calix[4]arene derivative 2 was independent of
the antibiotic susceptibility status of the tested bacteria. Ca-
lix[4]arene derivative 2 was less effective than tetracycline
against all the analyzed strains (Table 1).

The antibacterial activities of compound 2 in combination
with ofloxacin, chloramphenicol or tetracycline were analyzed
by a checkerboard test. By this approach, Grare and co-
workers demonstrated additive, synergistic or indifferent ef-
fects for guanidinium calix[4]arene derivatives combined with
a variety of antibiotics.>* The results, shown in Table 1, in ac-
cordance with the criteria established for interpreting the ef-
fects of combinations of antibiotics, showed an indifferent or
additive effect. Although none of the calix[4]arene/antibiotic
combinations yielded a synergistic effect, no antagonism was
observed.

All the combinations resulted in an indifferent effect
against S. aureus and S. epidermidis strains; an additive effect
was instead observed against P. aeruginosa isolate 1 (FICI
0.53-0.62 range) as evidenced by 1/2, 1/8, 1/32, and 1/16 re-
duction of the initial MIC of calix[4]arene derivative 2, ofloxa-
cin, chloramphenicol and tetracycline alone, respectively. On
P. aeruginosa ATCC 9027, an additive effect was only observed
for the calix[4]arene 2/chloramphenicol combination (FICI

162 | Med. Chem. Commun., 2018, 9, 160-164

0.62) in which the initial MIC of calix[4]arene derivative 2
and chloramphenicol decreased by 1/2 and 1/8, respectively.
The additive effect observed on P. aeruginosa strains could be
related to an enhancement of the antibiotic uptake into the
bacterial cell mediated by calix[4]arene derivative 2 that, with
its charges and three-dimensional organization, can disorga-
nize the bacterial membrane by interactions with the nega-
tively charged ultrastructures of Gram negative bacteria (i.e.
phospholipids and lipopolysaccharides). This mechanism of
action on antibiotic-resistant P. aeruginosa strains was dem-
onstrated for a polycationic guanidinium calix[4Jarene deriva-
tive,”® which interestingly showed no side effects on eukary-
otic cells.”

Conclusion

In summary, we designed and synthesized a new water-
soluble polycationic macrocyclic compound (2) built onto a
calix[4]arene scaffold and demonstrated its potential as an
antibacterial agent against Gram positive and Gram negative
bacteria, including ATCC and resistant strains, alone and in
combination with known antibiotics. Compound 2 could be a
new antibacterial drug with a structure different from that of
the currently used antibiotics. The ability of calix[4]arene de-
rivative 2 to enhance the stability of tetracycline in water so-
lution is also noteworthy. This feature could be exploited to
improve the pharmaceutical formulation of this antibiotic
which undergoes rapid degradation in aqueous medium.

Experimental section
Materials and methods

Reagents and solvents were purchased from Sigma-Aldrich
and used without purification. Ofloxacin, chloramphenicol
and tetracycline were purchased from Sigma-Aldrich in the
form of sterile powder. Staphylococcus aureus ATCC 6538, S.
epidermidis ATCC 35984 and P. aeruginosa ATCC 9027 were
purchased from LGC Standards. Methicillin-resistant S. au-
reus (MRSA) 15, methicillin-resistant S. epidermidis (MRSE)
57 and P. aeruginosa isolate 1 were isolated from clinical ocu-
lar swabs.”® TLC analyses were carried out using aluminum
sheets precoated with silica gel 60 F254, and UV radiation

This journal is © The Royal Society of Chemistry 2018
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was used for detection. "H NMR (400.13 MHz) and "*C NMR
(100.61 MHz) spectra were acquired using a Bruker Avance™
400 spectrometer. Chemical shifts () are expressed in parts
per million (ppm) and reported relative to the residual proton
solvent peak; coupling constant (J) values are given in Hz.
High-resolution (HR) ESI-MS spectra were recorded using a Q
Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scien-
tific Instruments). Sample solutions were introduced into the
ESI source on a 100 mm internal diameter fused silica via a
500 mL syringe. Full MS scans in the m/z range 300-2000
were acquired with an MS resolution of 150 000 FWHM (at m/
z 400) in the Orbitrap. The experimental conditions for spec-
tra acquired in the positive ion mode were: spray voltage =
3.5 kv, capillary temperature = 250 °C, m/z range = 300-2000,
S-lens RF level = 60 V, and sheath gas = 5. The molecular spe-
cies were detected as clusters of peaks because of the isotopic
distribution of elements.

Tetra-propoxy-p-chloromethyl calix[4]Jarene 1 was synthe-
sized by following the procedure reported in ref. 19.

Synthesis and characterization of calix[4]arene derivative 2

A solution of N-methyldiethanolamine (37 pL, 323 umol) in
THF (0.4 mL) was added to a stirring solution of tetra-
propoxy-p-chloromethyl calix[4]arene 1'° (60 mg, 76 umol) in
THF (1.5 mL). The reaction mixture was refluxed for 24 h. Af-
ter cooling, the suspension was diluted with THF (5 mL) and
diethyl ether (15 mL) and centrifuged (4000 rpm, 5 min). The
precipitate was washed with a mixture of THF (2 mL) and
diethyl ether (8 mL) and then with diethyl ether (3 x 5 mL) by
repeated centrifugation (4000 rpm, 5 min) and removal of the
supernatant. The solid was dried under vacuum for 24 h to
give a white powder (83 mg, 86% yield). '"H-NMR (MeOD): ¢
1.05 (t, 12H, J = 7.4 Hz, 4 x CH3;), 2.00 (m, 8H, J = 7.4 Hz, 4 x
CH,), 2.96 (s, 12H, 4 x NCHj3), 3.35-3.42 (m overlapped, 12H,
2 x ArCH,Ar and 4 x CH,N), 3.49 (m, 8H, 4 x CH,N), 3.96 (t,
= 7.4 Hz, 8H, 4 x OCH,), 4.02 (br s, 16H, 8 x CH,OH), 4.53 (s,
8H, 4 x ArCH,N), 4.54 (d, 4H, J = 10.7 Hz, 2 x ArCH,Ar), 7.05
(s, 8H, 8 x ArH). "*C-NMR (MeOD): ¢ 10.7 (q), 24.5, 31.4, 56.8,
64.2, 69.0, 78.5 (t), 122.9 (d), 135.1, 136.9, 159.7 (s). HR ESI-
MS: (m/z) caled for CgqHi04,CLLN,Oy," [M-CI']" = 1225.671,
found [M-CI'T" = 1225.670; caled for CgqH;04ClLN,01,>" [M-
2CI " = 595.351, found [M-2Cl J** = 595.351.

Stabilization of tetracycline by calix[4]arene derivative 2

Two water solutions of tetracycline (0.35 mg mL™") alone
and in the presence of calix[4]arene derivative 2 (1 mg
mL™, tetracycline: calix[4]arene molar ratio 1:1) were
prepared to compare the tetracycline stability over time
at 37 °C. The amount of tetracycline was monitored at
different time intervals by using a Dionex HPLC system
(P680 pump, ASI-100 autosampler, UVD170U detector, TCC-
100 temperature-controlled column compartment) and a
Phenomenex Luna 5 um C18 reverse-phase column (250 x
4.6 mm). Eluents A: 0.1% formic acid in CH;CN, B: 0.1%
formic acid in water, gradient: A from 5% to 30% in 25

This journal is © The Royal Society of Chemistry 2018
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min, then isocratic A 30%, 5 min, flow 1 mL min ™, T = 40
°C, A = 270 nm. 25 pL of sample were diluted with 25 pL
of MeOH and 425 pL of water, and then 50-100 uL of di-
luted sample were injected.

The half-life of tetracycline alone and in the presence of
calixarene 2 was derived from eqn (1) and (2), respectively,
which as a function of time ¢ fits the experimental data:

Residual tetracycline (%) = 100e 7*** R? = 0.990 (1)

Residual tetracycline (%) = 100e 7**® R?*=0.992  (2)

Determination of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC)

The MIC of the calix[4]arene derivative (2) and antibiotics
were determined by a microbroth dilution technique in 96-
well polystyrene microtiter plates (Costar, Corning) according
to the guidelines of the National Committee for Clinical Lab-
oratory Standards.”® The overnight bacteria in Mueller
Hinton broth (MHB) were inoculated in a 96-well plate to
yield a final inoculum of 5 x 10> CFU mL™". Each of the bac-
terial strains was tested against calix[4]arene derivative 2 (1-
1024 pg mL™), ofloxacin (0.06-2048 ug mL "), chlorampheni-
col (1-2048 pg mL™") and tetracycline (0.03-128 ug mL ™).
The microtiter plates were incubated at 37 °C for 24 h and
the MIC was defined as the lowest concentration of anti-
bacterial agent that inhibited visible growth. All determina-
tions were performed in triplicate and growth control in
MHB was included. The MBC was determined by seeding 15
pL from all clear MIC wells in a ground plate of Mueller
Hinton agar. The MBC was defined as the lowest concentra-
tion that allowed no microbial growth after incubation at 37
°C for 24 h. The data from at least three replicates were eval-
uated and the modal results were calculated.

Checkerboard assay

Combinations of calix[4]arene derivative 2 and antibiotics
were tested by the checkerboard method. The final concen-
tration of the antibacterial agents ranged from 2 to 0.015
times the MIC. Thus, 64 different combinations were
obtained in 96-well-microplates. The inoculum of each bacte-
rial strain was prepared in MHB and was added to the wells
at a final concentration of 5 x 10° CFU mL ™.

After incubation at 37 °C overnight, the fractional inhibi-
tory concentration index (FICI) was determined according to
formula (3):

FICI = FIC, + FICg (3)

where FIC, = MIC, in combination/MIC, alone and FICy =
MICg in combination/MICg alone. The combination value
was derived from the highest dilution of antibacterial combi-
nation permitting no visible growth. The results were inter-
preted as synergistic when the FICI was <0.5, as additive
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when between 0.5 and 1.0, as indifferent when between 1.0
and 2.0 and as antagonistic when the index was >2.0.>"
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