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The use of supramolecular assemblies in pharmaceuticals has garnered significant interest. Recent
studies have shown that the activities of antibacterial agents can be enhanced through complexation
with cyclic oligomers and metal ions. Notably, these complexes sometimes possess greater therapeutic
properties than the parent drugs. To develop microbiologically potent supramolecular drugs, the
complexation of macrocyclic hosts with fluoroquinolone (FQ) antibiotics was investigated. FQs are a
successful family of antibiotics that target the bacterial enzymes DNA gyrase and DNA topoisomerase
IV, leading to bacterial cell death through the inhibition of DNA synthesis. However, antibiotic
resistance resulting from the repeated use of FQs over time has limited their effectiveness against
resistant pathogens. To overcome this issue, the encapsulation of FQs in polyphenolic macrocycles was
investigated. This study highlights resorcinarene, a polyphenolic host with antibacterial properties,
and its ability to chemically interact with FQs. The inclusion complexation process was analyzed using
NMR and FTIR techniques. The binding constants determined by *H-NMR titration revealed that
levofloxacin forms more stable complexes with resorcinarene than with B-cyclodextrin, which aligned
with MD simulations. Assessment of the geometric characteristics of the inclusion complexes using

2D NMR analysis confirmed that different moieties of various FQs can fit into a single host cavity and
improve activity against gram-negative bacteria. Overall, these findings suggest that encapsulation in
polyphenolic macrocycles is a promising strategy for utilizing FQs against antibiotic-resistant bacteria.

Keywords Antibiotics, Fluroquinolones, Antibiotic resistance, Macrocyclic host-guest complex,
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Abbreviations

SRsC1 Sulfonato-C-methylresorcin[4]arene
B-CD B-cyclodextrin

S. aureus Staphylococcus aureus

P aeruginosa  Pseudomonas aeruginosa

FQ Fluoroquinolone

LEVO Levofloxacin

NOR Norfloxacin

CIPRO Ciprofloxacin

Antibiotics have played a vital role in healthcare since the 1940s!, safeguarding vulnerable patients, especially
during surgeries?. However, the “golden age” of antibiotic discovery> from natural microorganisms (1940-1962)
was followed by an “innovation gap” due to antibiotic-resistant strains™*. Efforts to modify existing compounds
have faced obstacles, such as high costs and rapid resistance development. The latter issue is exemplified by the
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appearance of methicillin-resistant Staphylococcus aureus (MRSA) following the introduction of methicillin-
based antibiotics®. The overuse of antibiotics”®, driven by factors including rising incomes and increased demand
for animal proteins’, has exacerbated this problem. Despite steady growth in the antibiotic market, developing
new antibiotics remains challenging, with a low success rate and long development period. Typically, combating
resistance involves neutralizing bacterial defense mechanisms through structural modifications or enhancing
existing drug efficacy using carriers such as liposomes'’, nanoparticles'!, and macrocycles'?~*¢.

Macrocycles are cyclic molecules that have distinctive sizes, shapes, and repeating units that contribute
to unique guest binding and self-assembling properties. Crown ethers are known for their selective cation
binding!”. Cyclodextrins feature hydrophobic cavities's, while calixarenes have modifiable cup-shaped
structures'®?0. Cucurbiturils possess rigid, high-affinity binding cavities?!, and pillararenes are characterized
by symmetric cylindrical cavities?>~2*, Each of these macrocycles offers properties that make them versatile
carriers for pharmaceutical applications. Among macrocycles, cyclodextrins stand out as naturally derived and
safe compounds. Thus, cyclodextrins are widely used in the pharmaceutical industry to enhance the solubility
and stability of various drugs, such as itraconazole?® and rifampicin?. As macrocyclic supramolecular hosts,
calixarenes?”?® and closely related resorcinarenes®*° possess concave binding cavities and exhibit strong
affinities for a wide range of guest molecules, including cations (alkali and alkaline earth metals, transition
metals, and ammonium ions), anions, and small organic compounds?®!*2. Resorcinarenes*®, cyclic polyphenols
34, are remarkably adaptable, as they can incorporate distinct substituents in the electron-rich upper-rim groups
and lower-rim alkyl chains®. In addition, resorcinarenes bearing sulfonate groups have anionic properties,
resulting in enhanced water solubility, and an electron-rich hydrophobic interior cavity®® that can interact with
various guests through hydrogen bonding or mt-interactions>. Because of their exceptional adaptability and high
affinity for hydrogen bonding, resorcin[4]arenes are promising candidates for host-guest chemistry. Notably,
water-soluble anionic and cationic resorcinarene receptors can disrupt the peptide aggregation associated
with cataracts”’, exemplifying the potential of these compounds for therapeutic applications*®*. Moreover,
resorcinol, the building block of resorcinarene macrocycles, acts as a coformer to enhance the solubility and
dissolution rate of norfloxacin (NOR) in pharmaceutical cocrystals*’. Owing to its versatile nature, with two
strong hydrogen bond donors, resorcinol is also effective in stabilizing vitamin D3*! and forming cocrystals with
compounds such as curcumin?? and ciprofloxacin (CIPRO)*.

Fluoroquinolones (FQs) are a rapidly expanding category of antibiotics** that inhibit bacterial enzymes
crucial for DNA replication, making them effective against various bacterial infections*>*¢, However, the use
of FQs has been limited by severe adverse reactions and antibiotic resistance?”*8. Active efforts have been
focused on synthesizing various derivatives and assessing their efficacy against diverse microbial infections.
Breakthroughs in the development of new generations of FQs resulted in significant enhancements in potency,
range of action, and physical characteristics?®. The exploration of structure-activity relationships provided
valuable insights into the key features responsible for antibiotic effectiveness, such as the presence of a fluorine
atom and the 1-alkyl-1,4-dihydro-4-oxo-quinoline-3-carboxylic acid structure®. In addition, specific functional
groups, such as fluoro and piperazinyl groups, are believed to play vital roles in expanding the spectrum of
activity and improving antipseudomonal properties®®!. Furthermore, chemical modifications at piperazinyl
have been explored to regulate the pharmacokinetic properties and enhance the cell permeability of these
promising antibacterial agents®. Notably, B-cyclodextrin (B-CD)> and cucurbituril®* have been demonstrated
to enhance the activity of FQs and other antibacterial drugs such as doxycycline®. These ongoing efforts are
paving the way for more efficient and versatile FQ antibiotics.

Herein, wee compared the ability of sulfonato-C-methylresorcin[4]arene (SRsC1) to form complexes with
FQs (Fig. 1) to that of widely used B-CD. SRsC1 was chosen because it contains repeating phenolic units. and
Polyphenols®®~® are known to disrupt bacterial membranes, contributing to antibacterial activity. Additionally,
the acidic hydroxyl groups in non-sulfonated resorcinarenes interact with the basic amine groups of FQs
through acid-base reactions®. Interestingly, the sulfonato group provides additional solubility and interaction
sites. In this study, we focused on how binding stability determines the strength and specificity of the interaction
between the host and guest molecules, The orientation and positioning of functional groups on both molecules
can impact both stability and reactivity, which can influence bioavailability and efficacy. Inspired by the favorable
characteristics of resorcinarene, we focused on developing resorcinarene-encapsulated FQ antibiotics. These
compounds were tested against bacterial strains with the aim of enhancing antibiotic potency and in turn
altering the clinical behavior against resistant bacteria. Furthermore, correlation of the partitioning behavior of
these derivatives between octanol and buffer solutions (pH 7.4) with their antibacterial activities was explored to
identify which parameters are crucial for successful host-guest complexation.

Results and discussion

Solution-state study of FQ guests with cyclic macromolecules

Complex stoichiometry and association constant

Stoichiometry is crucial factor for the in-depth characterization of host-guest interactions. Therefore, the
continuous variation method or Jobs method>® was used to determine the stoichiometry of the inclusion
complexes between the FQ guests and SRsC1 or B-CD. To construct Job plots, 'H-NMR titration was performed
(Fig. S1). The chemical shifts (§) were measured at different guest/host concentration ratios while keeping
the total concentration ([G] + [H]) constant. The calculated factors (A x X, i.e., the difference between the
chemical shifts of the host-guest mixture (8 ;) and guest (5,,) multiplied by the molar ratio of the guest (X))
were plotted against X . All the titration curves showed a maximum at X ; = 0.5 for all the monitored nuclei (Fig.
S$2), suggesting a 1:1 complex stoichiometry. The chemical shifts (8) of selected protons for the FQ guests and
macrocyclic hosts in the free and complexed (equimolar) states are summarized in Table 1. A positive sign for
AS indicates a downfield shift, whereas a negative sign indicates an upfield shift. We observed no new peaks in
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Fig. 1. Structures of hosts: (a) sulfonato-C-methylresorcin[4]arene (SRsC1), a synthetic cyclic polyphenol,
and (b) p-cyclodextrin (f-CD); and fluoroquinolone (FQ) guest molecules: (c) levofloxacin (LEVO), (d)
norfloxacin (NOR), and (e) ciprofloxacin (CIPRO).

Host-guest mixture | Proton | 8. . GorH (ppm) | §, . (ppm) | A (ppm)
H Lo | 8382 8.424 0.042
H Lo | 2936 2.101 -0.835
SRsC1-LEVO H* pvo | 3555 3.34 -0.215
H°g o) | 6662 7.113 0.451
Hip o | 4533 4.607 0.074
8.CD-LEVO H? pvo | 285 2.84 -0.01
W op | 7403 7.464 0.061
H’ oro | 7526 7.564 0.038
SRsC1-CIPRO He oo | 7783 7.819 0.036
Hooor 6571 7.216 0.645
H o | 697 7.052 0.082
SRsC1-NOR H o | 8348 8.386 0.038
HiGo | 4203 4.103 -0.100
Hogor | 6573 7.19 0.617

Table 1. 'H-NMR chemical shifts of host (H) and guest (G) protons in free and complexed forms in D,0 (5%
NaOD in D,O for CIPRO and NOR) at 298 K.

the "H-NMR spectra of the inclusion complexes (Fig. S3 and S4). Thus, inclusion of the FQs in the macrocycles
is a fast exchange process that occurs on the NMR timescale®.

Levofloxacin (LEVO) with SRsC1/B-CD: In the presence of SRsC1 or B-CD (Fig. S3a and b), the piperazine
protons (H? ., and H* .., )) of LEVO shifted significantly upfield, suggesting their involvement in hydrophobic
interactions with the interior of the host cavity. In particular, the shift of H .., could be attributed to magnetic
anisotropy effects when located near the aromatic ring of SRsC1, which is rich in m-electrons®’. Other aromatic
protons (H® .., and H’ ..,;) shifted gradually downfield, mainly due to variations in the polarity of their
microenvironment when LEVO was within the host cavity. These changes also indicated a shielding effect
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resulting from the host-guest interactions, particularly hydrogen bonding and electrostatic interactions.

Moreover, the downfield shift of H%, ., of SRsC1 was attributed to a deshielding effect caused by n-H bonding
with the piperazine moiety of LEVO. Interestingly, no proton shifts were observed for B-CD in the presence of
LEVO.

SRsC1 with CIPRO/NOR: The aromatic proton of SRsC1 (HbSRSQ) shifted significantly downfield in the
presence of both NOR and CIPRO, which are structurally related. Interestingly, the aromatic protons of NOR
(H3yog and H’ ;) and CIPRO (HS .,z and H . ) also shifted downfield (Fig. S4a and b). This strong
deshielding effect was due to m-n bonding between the host and guest. In contrast, no shifts were observed for
the piperazine protons of NOR and CIPRO, suggesting that the aromatic ring system of the guest plays a major
role in the inclusion process. Furthermore, the strong upfield shift of the bridging proton of SRsC1 (HY, ) in
the presence of NOR indicated shielding by the methyl protons of NOR (H' .., Fig. S4b). The titration data
were also used to calculate the association constant and stoichiometry for each FQ guest with the macrocycles.
The K, and N values of various host-guest complexes are given in Table 2.

The change in the chemical shift (AS) was plotted as a function of the host (SRsC1 or B-CD) concentration
for each FQ guest (LEVO, CIPRO, and NOR), and global analysis was applied to determine the host/guest
affinity (Fig. 2). LEVO was found to form a tighter complex with SRsCl1 than with B-CD. Among the FQ
guests, SRsC1 exhibited the strongest binding with CIPRO. In each case, except for f-CD-LEVO, the binding
stoichiometry was 1:1, consistent with the results of the continuous variation method. However, as Job plots have
some limitations®? for higher stoichiometries, the formation of a 2:1 B-CD-LEVO complex is likely. Notably,
the association constant values obtained for the complexes are generally considered suitable for improving the
bioavailability or therapeutic efficacy of guests®.

Intermolecular interactions between hosts and FQ guests

Diffusion-ordered spectroscopy (DOSY). The intrinsic diffusion coefficients (D) of molecules, as determined
using DOSY experiments, can be used to characterize intermolecular interactions in solution. Table 3 shows the
D values of the free host and guest molecules as well as those of the host-guest complexes at equimolar ratios.
A slowly diffusing molecule, indicated by a lower D value, is typically heavier. The guests had higher D values
than the host molecules, consistent with the FQs being smaller than the macrocycles“. Moreover, the FQ-
macrocycle mixtures diffused more slowly than the free components, indicating an increase in molecular size
due to complexation. However, the D value of SRsC1 was relatively unaffected by the presence of CIPRO or NOR
owing to the small relative mass change upon complexation of the macrocycle with these structurally related
guests. Nonetheless, the D values of both CIPRO and NOR decreased in the presence of SRsC1 (Table 3 and
Fig. S5c¢, d), providing evidence that these guests are included in the SRsC1 cavity and undergo slow diffusion.
Similarly, the D value of LEVO decreased in the presence of SRsC1 or B-CD (Table 3 and Fig. S5a, b), indicating
that this guest diffuses slowly because it is included in the cavities of both macrocycles.

2D NOESY. Nuclear Overhauser effect (NOE) cross-peaks between the protons of the guest and macrocycle
indicate that the protons are near each other in space (<4 A)%. As revealed by the full 2D NOE spectra in
Fig. 3a, intermolecular cross-peaks occurred between the protons of the FQs and SRsC1. Strong intermolecular
cross-peaks were present between the Hb and Hd protons of SRsC1 and the H2 proton of LEVO, although that
with the bridging Hd proton of SRsC1 was weaker. These results indicate that the piperazine moiety of LEVO
enters the SRsC1 cavity while the aromatic and pyrido rings remain outside. In contrast, f-CD only exhibited
intramolecular cross-peaks, with no intermolecular cross-peaks with LEVO (Fig. S6). This behavior suggests
that p-CD forms dimers that encapsulate LEVO, in agreement with the 'H-NMR results®®.

Both CIPRO and NOR exhibited two significant sets of intermolecular cross-peaks (Fig. 3b and c), suggesting
that both guests interact with SRsCl in a similar manner. Strong cross-peaks were observed between the
piperazine protons (H2, H3, and H8 of NOR; H3 and H4 of CIPRO) and the aromatic protons (Hb) of the host,
indicating close interactions between these groups. In addition, we observed proximity between the aliphatic
protons of the guests (H1, H4, and H10 of CIPRO; H1 of NOR) and the host protons (Hb and Hd). These
results suggest complexation and the formation of specific interactions between SRsC1 and CIPRO or NOR.
Notably, no cross-peaks were observed for the aromatic protons of the guests CIPRO and NOR, consistent with
the 1D 'H-NMR results. This finding may indicate a different mode of interaction or less direct involvement in
complexation.

Solid-state study of FQ guests with cyclic macromolecules via FTIR spectroscopy

We investigated the IR absorption peaks of different host-guest systems to gain insights into the interactions in
the inclusion complexes. Significant differences were observed between the FTIR spectra of SRsCl1 and freeze-
dried SRsC1-LEVO (1:1) (Fig. 4a). The disappearance of the peaks at 3233.6 and 2802.1 cm™!, corresponding to

Host-guest mixture | K, (M) N

LEVO-SRsC1 7.99x10% + 50.97 | 1.27+0.18
LEVO-B-CD 0.90x10? + 18.31 | 1.96+0.55
CIPRO-SRsC1 7.40x10° £29.31 | 0.89+0.21
NOR-SRsC1 2.83x10? + 54.85 | 0.73+0.29

Table 2. Association constants and stoichiometries of the host-guest complexes in D,O (5% NaOD in D,O for
CIPRO and NOR) at 298 K.
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Fig. 2. Nonlinear curve fitting for complexation between FQ guests (LEVO, CIPRO, and NOR) and
macrocyclic hosts (3-CD and SRsC1) in D,0 (5% NaOD in D,O for CIPRO and NOR) at 298 K. The
experimental results are shown as filled symbols and the theoretical data are shown as solid lines.

D (m?/s)

SRsC1-LEVO B-CD-LEVO SRsC1-CIPRO SRsC1-NOR

SRsC1 LEVO g-CD LEVO SRsC1 CIPRO SRsC1 NOR
Free 2.07x1071° | 2.95% 1010 | 1.90x 10710 | 2.95X 10710 | 2.07x101° | 2.47x107° | 2.07%x 1010 | 2.47%x 10°1°
Complex 1.85x 1010 1.77x 10710 2.12x 1010 2.12x1071°

Table 3. 2D DOSY 'H-NMR diffusion coefficients (D, m?/s) of host and guest protons in free and complexed
forms in 5% NaOD in D,0O at 298 K.

N-H and C-H stretching (aliphatic methyl group) in LEVO, respectively, indicates the formation of a host-guest
complex, with the hydroxy (-OH) group of SRsC1 hydrogen bonding to a partially negatively charged tertiary
nitrogen of LEVO®’. Furthermore, the O-H stretching frequency of neat SRsC1 (3387.6 cm™!) was red-shifted to
3406 cm~! upon interaction with LEVO, suggesting the presence of hydrogen bonding®® in the SRsC1-LEVO
complex.

The disappearance of the C=0 peak of LEVO at 1719.5 cm~! in the SRsC1-LEVO mixture further confirms
the involvement of the carbonyl group in complexation, consistent with the solution-state results. In the presence
of B-CD, the absorption peak of LEVO at 3233.6 cm™!, corresponding to N-H stretching, disappeared (Fig. 4b),
indicating the formation of a complex. In addition, the $-CD peak at 3274.6 cm™! (O-H stretching) decreased in
intensity and shifted to a higher wavenumber, suggesting the formation of an inclusion complexation with LEVO.
Furthermore, the bands at 1642.7 and 1719.5 cm™! (C=0 stretching) of both f-CD and LEVO disappeared for
the p-CD-LEVO (1:1) complex, and decreases in intensity and masking were observed in the fingerprint region.

For freeze-dried SRsC1-NOR (1:1), the peak corresponding to the N-H stretching of the piperazinyl group
in NOR was red-shifted to 3405.8 cm™! (Fig. 4c). This shift likely resulted from proton exchange via hydrogen
bonding with SRsC1, leading to an overlap between the NOR peak at 3339.1 cm™! and the SRsC1 peak at
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Fig. 3. 'H-'H NOE spectra of equimolar mixtures (0.05 M each) of (a) SRsC1-LEVO, (b) SRsC1-CIPRO, and
(c) SRsC1-NOR in 5% NaOD in D,0O at 283.15 K. Interactions between two protons are represented by circles
or ovals of the same color.
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Fig. 4. FTIR spectra of individual components, an equimolar physical mixture (PM), and an equimolar freeze-
dried (FD) complex for (a) SRsC1-LEVO, (b) B-CD-LEVO, (c) SRsC1-NOR, and (d) SRsC1-CIPRO.

3387.6 cm™L. A similar shift was observed for freeze-dried SRsC1-CIPRO (1:1) (Fig. 4d). These results provide
valuable evidence for the formation of inclusion complexes, as changes in the shape, position, and intensity
of the IR absorption peaks of guest or host molecules can be indicative of complex formation”’. Unlike those
of the inclusion complexes, the FTIR spectra of the physical mixtures exhibited peaks corresponding to the
individual hosts and FQs (Fig. 4), consistent with previous findings’!. Although the spectra of the physical
mixtures appeared nearly identical to those of the host and FQ drugs alone, these results suggest that weak
interactions occur in the physical mixtures.

Computational results: Classical MD simulations were utilized to probe possible interactions between hosts
(SRsC1 and B-CD) guests (FQs). To quantify the effect of host-guest interactions on the host geometry, we
monitored the lower-rim, upper-rim, and mid radii of the hosts and the center of mass (COM) distance between
the host and guest (Tables S1 and S2). Host-guest interactions had minimal effects on the SRsC1 or p-CD
framework, which maintained their original conformations. However, the sulfonato groups of SRsC1 did vary
interaction with a guest molecule. Production runs were carried out for SRsC1 with the piperazinyl group of
the guest oriented within the host cavity and with the guest at least 10 A above the host. When the piperazinyl
group was oriented within the host cavity, the guest stayed in the cavity, except in the case of SRsC1-NOR,
(Fig. 5a, ). Although sulfonato group rotation was relatively unhindered, the sulfonato groups of SRsC1 tended
to interact with the guest. For this initial SRsC1-NOR structure, a Na* jion came into proximity and interacted
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Fig. 5. Distances between the COMhost and COMguest. The data for SRsC1-LEVO and 3-CD-LEVO when
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for SRsC1-CIPRO and SRsC1-NOR when CIPRO/NOR is initially within SRsC1 and above SRsC1 are shown
in (c) and (d), respectively.

with SRsC1 during NPT equilibration. Consequently, the SRsCI-NOR interaction was disrupted, leading to
NOR interacting with the top rim of SRsC1. For all the host-guest combinations with the guest initially oriented
above the host, the guest moved closer and began to interact with the side of the host or the upper rim (Fig. 5b,
d). Interestingly, in the SRsC1-NOR simulation, NOR began to move toward SRsC1 (around 4 ns in Fig. 5d) at
the same time as Na* moved toward SRsC1. At 4-13 ns, the Na* jon interacted with 2-3 of the sulfonato groups
, while NOR started to interact with SRsC1 at ~7 ns. As NOR began to interact with the top rim of SRsC1, the
Nat ion was released.

The interaction of SRsC1-NOR with Na*tions could be key to designing more effective drug delivery systems
by influencing drug stability, release rates, and membrane penetration. Na* ions could enable controlled, targeted
delivery via ion-triggered release to directs the drug to specific tissues or cells where Na*levels vary and promote
competitive binding in specific environments. These factors enhance therapeutic precision and minimize side
effects, offering valuable insights for optimizing drug efficacy and safety’>”>. An additional set of production
runs was perfomed in which the guest interacted with the host cavity and the number of solvent molecules was
constant. For all host-guest combinaations, the guest interacted with the host throughout the production run.
The host-guest distance resembled that in Fig. 5a, and complete data can be found in the supporting information.
The SRsC1 complexes exhibited stronger interactions due to the sulfonato group interacting with the guest. For
LEVO (Fig. 6a) and NOR, the piperazine group stayed within the cavity for the entire simulation. However, the
most favorable binding enthalpy was observed for SRsC1-CIPRO (Fig. 6b; Table 4), in which the cyclopropyl
group of CIPRO remained within the SRsC1 cavity. This results is indicative of hydrogen bonding interactions
between the NH group of CIPRO and a neighboring SO, group of SRsC1 as well as interactions between the SO,
groups and the COOH end of CIPRO. Regardless of the solvent-host/guest-ion system investigated, host-guest
interactions were observed. Thus, complex formation was favorable despite the variation in interaction sites.
For the guest interacting with the host cavity and its functional groups, the binding enthalpy trend agreed with
the experimentally obtained K, values, which implies that the enthalpic contribution to AG is greater than the
entropic contribution.

Antibacterial activity

Activities of FQ complexes against gram-negative and positive bacteria. The antibacterial effectiveness
of complexed FQs against gram-positive Staphylococcus aureus (S. aureus) and gram-negative Pseudomonas
aeruginosa (P. aeruginosa) was compared with that of uncomplexed FQs. For this purpose, a minimum inhibitory
concentration (MIC) assay was conducted at various concentrations via serial dilution from 2x MIC on 96-
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(a) (b)

Fig. 6. Interactions of (a) SRsC1-LEVO and (b) SRsC1-CIPRO. Solvent is not shown for clarity.

Host-guest mixture | AH (kcal/mol)
B-CD-LEVO -3.84+1.01
SRsC1-LEVO -9.71+1.07
SRsC1-NOR -6.97+£1.04
SRsC1-CIPRO -11.63+0.99

Table 4. Binding enthalpies of host-guest complexes.

well plates. The percentage growth inhibition of bacterial cells treated with complexed and uncomplexed FQs
was determined by comparison with the untreated control (Fig. S8a, b & c). The concentrations tested for P
aeruginosa and S. aureus varied based on the MIC of individual antibiotics. Notably, the FQs exhibited a growth
inhibitory effect on P. aeruginosa at 2- or 3-times lower concentrations than required for S. aureus.

All three FQs (CIPRO, NOR, and LEVO) and their complexes with the polyphenolic macrocycle SRsC1
demonstrated 90% inhibition of bacterial cells at higher concentrations. However, the inhibitory effect against
both bacterial strains decreased at lower concentrations. The percent inhibition curves for the free and
complexed FQs exhibited similar behavior. However, at specific concentrations, the complexed FQs displayed
slightly lower inhibition of both bacteria. The MIC assays of S. aureus and P. aeruginosa in Fig. S8a revealed
that exposure to 12 pg/mL of SRsC1-CIPRO or CIPRO killed 98.30 +0.26% of S. aureus, whereas 4 ug/mL was
required to kill 100.67 +0.39% of P. aeruginosa. Similarly, SRsC1-NOR and NOR both demonstrated inhibitory
effects of 97.90 +0.38% aginst S. aureus at 128 pug/mL and 100.43+0.17% against P. aeruginosa at 40 ug/mL
(Fig. S8b). We also evaluated LEVO complexed with 3-CD (Fig. S8c) to assess the impact of the macrocycle on
biological activity. B-CD-LEVO exhibited a 78.08 +3.66% inhibitory effect against S. aureus and a 54.84 +6.02%
inhibitory effect against P. aeruginosa at 4 and 8 pg/mL, respectively, representing an approximately 2-fold
decrease compared to the inhibitory effects of SRsC1-LEVO (Fig. S8c).

Although the complexed forms of NOR, CIPRO, and LEVO did not exhibit significant improvements
compared to their free forms, they each hada 1:1 stoichiometry with the host. Consequently, the measured
quantity of antibiotic within the complex was reduced by half compared to the free antibiotic dose. This deliberate
configuration ensured that the efficacy of each FQ (CIPRO, NOR, and LEVO) remained robust in the presence
of SRsC1. The sustained antimicrobial effectiveness at a reduced quantity underscores the efficacy of the 1:1
stoichiometric complexation strategy employed in this study.

Effect of FQ complexes on sensitive and resistant strains of P. aeruginosa. We also compared the
inhibitory activitis of the FQ complexes with those of the free antibiotics against sensitive (S) and resistant (R)
strains of P. aeruginosa. Both complexed and free FQs exhibited lower inhibitory activities against resistant
strains. However, a 2-fold increase in inhibitory effect was observed for SRsC1-CIPRO (0.09 +0.01 absorbance
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at 600 nm) compared to free CIPRO (0.19+0.07 absorbance at 600 nm) at 4 pug/mL (Fig. S9a). As shown
in Fig. 7a, SRsC1-CIPRO exhibited significant inhibitory effects at 4 and 0.5 pg/mL. The enhanced activity
of the SRsC1-CIPRO complex is likely due to the orientation of CIPRO within the macrocycle, with the
piperazine moiety extending outside the cavity. This orientation may facilitate bacterial membrane penetration
through electrostatic interactions with anionic groups on the bacterial surface, potentially bypassing traditional
porin channels and enabling broader antibiotic uptake®®’47>. However, it is important to clarify whether the
bacteriostatic activity of CIPRO is sustained when complexed with SRsC1 or only triggered upon release from
the complex. The mechanism of release, which could involve environmental triggers such as pH changes or
interactions with bacterial enzymes, remains unclear, as does the specific interaction of the complex with FQs
in resistant bacteria. Further investigation is needed to determine the exact pathways by which these complexes
exert antibacterial effects. In contrast, NOR, an analog of CIPRO with a slightly different side chain, maintained
inhibitory effects against both strains in its free and complexed forms (Fig. S9b). Although complexed NOR was
effective at lower concentrations (2.25 and 4.50 pg/mL) against the resistant strain of P. aeruginosa (Fig. 7b),
the impact was nonsignificant. When comparing the complexes of LEVO with two different macrocycles
(SRsC1 and B-CD), we observed that SRSC1-LEVO performed better against both the sensitive and resistant
strains (Fig. S9¢, d). Moreover, the activities of SRsC1--LEVO and free LEVO against resistant bacteria remained
consistent throughout the entire range of tested concentrations (Fig. S9¢). In contrast, f-CD-LEVO exhibited
greater inhibition of the resistant strain than the sensitive strain at higher concentrations (8-2 pg/mL), but
was not comparable to LEVO itself. Despite the inherent resistance of these strains, the SRsC1-LEVO complex
exhibited a stronger inhibitory effect than p-CD-LEVO, as shown in Fig. 7c and d. At certain concentrations
in Fig. 7, the FQs complexed with SRsC1 were more effective against resistant bacteria than the free FQs were
against sensitive strains. Comparable inhibitory effects against resistant bacteria were predominant at lower
concentrations (4-0.5 ug/mL, 2.25-4.5 pg/mL, and 0.5-2.0 pg/mL) for SRsC1-complexed CIPRO, NOR, and
LEVO than for the individual FQs. However, at subinhibitory concentrations, increases in concentration did not
always increase the growth inhibition of sensitive strains. This behavior may be due to the subinhibitory effects
of the antibacterial agent, which do not completely prevent bacterial growth. Subinhibitory effects occur when
bacteria are exposed to concentrations of an antibacterial agent below the MIC or altered by gene expression or
adaptive responses’®””.

Correlation between partition coefficient and log MIC. The experimental partition coeflicients between
octanol and phosphate buffer at pH 7.4 (Ko/w), expressed as log B of the free FQs and their complexes with
macrocyclic hosts are listed in Table 5. The experimental log P values, which are similar to reported values,
indicate that the free FQs are hydrophilic in nature. LEVO was least hydrophilic (log P = —0.41), followed by
CIPRO and NOR (log P= —0.99 and —2.07). This hydrophilicity is due to the zwitterionic nature of the FQs at
physiological pH, which is close to the isoelectric point (pH 7.0). The neutral species of similar compounds tend
to be more lipophilic than the zwitterionic species’®”%, and the partitioning of quinolones is presumed to follow
this trend. Unsurprisingly, despite having aromatic groups, polyphenolic macrocycle SRsC1 exhibited a negative
log P value (—0.99), which indicates partitioning behavior in the aqueous phase similar to that of CIPRO.
Furthermore, the macrocyclic complexes of the FQs (SRsC1-LEVO, log P=0.34; SRsC1-NOR, log P=0.51; and
SRsC1-CIPRO, log P =0.40) were less hydrophilic than the free FQs. The increased partition coefficients could
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Fig. 7. Effect of complexed FQ antibiotics against resistant (R) strains of P. aeruginosa: (a) CIPRO, SRsC1-
CIPRO, (b) NOR, SRsC1-NOR, (c) LEVO, SRsC1-LEVO, and (d) LEVO, B-CD-LEVO. Values represent the
mean + SD (standard deviation). Student’s paired two-tailed t-test, * statistically significant value with p <0.05
for macrocycle-FQ complexes vs. FQs (control).
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Experimental Log P
With hosts
Guests/Host | Free FQs SRsC1 B-CD
LEVO -0.41 £0.09 | 0.34 +£0.16 | -0.02 £0.14
NOR -2.07 £0.46 | 0.51 +0.21
CIPRO -0.99 +0.22 | 0.40 +0.02
SRsC1 -0.99 +0.02

Table 5. Partition coefficients (Ko/w) expressed as log P of free and complexed FQs.

result from an increase in hydrophobicity of the FQs after complexation with SRsC1%. Similarly, f-CD slightly
decreased the hydrophilicity of LEVO, with log P increasing from —0.41 to —0.02.

To further understand the influence of the partition coefficient on the antibacterial activity of FQ complexes,
the parabolic curve correlation was evaluated. The parabolic relationship between the antibacterial activities
(log MIC) and experimental log P was fitted by applying the following general regression equation.

Y = alogX? + blogX + ¢ 1)

where Y =log MIC; log X=log P; and a, b and c are constants.

The parabolic curve fitting between log MIC and log P was not correlated for gram-positive (S. aureus) and
resistant gram-negative (P. aeruginosa) bacteria (r>=0.182 and 0.363) Thus, the lipophilicity of the molecule is
not the only factor determining penetration into the bacterial membrane and hence the activity. Indeed, other
factors such as molecular bulkiness and the difference in affinity between complexed and free FQs also play
important roles in bacterial membrane penetration®!-82.

This correlation was stronger in the case of sensitive gram-negative P. aeruginosa (r>=0.605), as shown in
Fig. S10. These findings are consistent with a previous study on the hydrophobicity of NOR derivatives, which
revealed good correlation between MIC and hydrophobicity for sensitive strains of P. aeruginosa*. Molecular
mass and bulkiness have been reported to hinder the penetration of FQs into gram-negative bacteria through
porin channels, although hydrophobic molecules may enter via the lipopolysaccharide layer or across the
lipid bilayer®>84. Optimizing the partition coefficient is key to improving both drug delivery and therapeutic
effectiveness, especially when targeting bacterial membranes. A properly balanced partition coefficient
ensures that the solubility and permeability of an antibiotic is suitable for efficiently penetrating bacterial cells
and reaching its intended site of action. This knowledge also enables the strategic modification of antibiotic
structures to improve interactions with bacterial membranes, ultimately leading to more effective, targeted
antibiotic therapies with improved pharmacokinetics and reduced resistance potential.

Conclusion

In conclusion, we systematically investigated the complexes formed by SRsC1 and the FQs LEVO, CIPRO, and
NOR as well as f-CD and LEVO using NMR and FTIR analyses to gain insights into their stability, stoichiometry,
and structural characteristics. Our experimental and theoretical investigations revealed that the complexes
between SRsC1 and the FQs (LEVO, CIPRO, and NOR) had a 1:1 stoichiometry. However, complex formation
between B-CD and LEVO was experimentally observed to involve a B-CD dimer, which did not align with
theoretical predictions. Among the inclusion complexes, SRsC1-CIPRO had the highest stability. Interestingly,
LEVO formed a stronger complex with SRsC1 than with f-CD. MD simulations probing the interactions between
the host and guest showed the importance of the SO, groups. Moreover, the computed binding enthalpies agreed
with the experimental trends. The spatial characteristics of the inclusion complexes, unveiled through 1D and
2D NMR experiments, indicated the involvement of the piperazine moiety of the FQs in the inclusion process,
except in the case of CIPRO. The spectral changes observed following complex lyophilization provided further
evidence of complex formation, even in the solid state. Compared to the free FQs, the complexed FQs exhibited
enhanced inhibitory effects against resistant P. aeruginosa, with SRsC1-CIPRO showing significant growth
inhibition at lower concentrations. We assume that the FQ antibiotics maintain antibacterial activity while
in the host-guest complex and that polyphenolic SRsC1 aids in disrupting the bacterial membrane, thereby
sustaining the activity, especially for CIPRO complexes. LEVO demonstrated superior activity when complexed
with polyphenolic SRsC1 than with f-CD. In addition, the MIC against S. aureus remained consistent for both
free and complexed FQs, suggesting better activity against gram-negative bacteria due to a strong correlation
between log MIC and log P. Overall, these findings clarify the interaction mechanisms, stoichiometry, and
spatial aspects of the inclusion complexes of FQs, which have implications for drug delivery and pharmaceutical
applications.

Experimental methods

Complex formation between macrocycles and FQs. SRsC1 was synthesized following a previously reported
method®*%% see the supplementary information for details and proton NMR spectra (Fig. S11). All antibiotics
(LEVO, NOR, and CIPRO), B-CD, deuterated water (D,0), and sodium deuteroxide (NaOD) solution were
purchased from Sigma-Aldrich (USA). SRsC1 and each FQ (LEVO, NOR, and CIPRO) were mixed in a 1:1 molar
ratio in water at room temperature for 24 h. After passing the solution through a 0.45 um Millipore membrane
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filter>>%, the solid complex was obtained by freeze-drying (Labconco freeze dryer, USA) for 24 h. Physical
mixtures were prepared by blending the host and each FQ in a 1:1 molar ratio. f-CD and LEVO complexes were
prepared in a similar manner.

Characterization of complexes

Determination of complex stoichiometry and association (binding) constant via 'H-NMR titration. For
each FQ guest (LEVO, CIPRO, and NOR), titrations were carried out with each macrocyclic host (SRsC1 and
B-CD)!. To prepare Job plots, 'H-NMR spectra were collected for samples with a fixed total concentration. Stock
solutions (0.01 M) of SRsC1 or f-CD and LEVO in D,0 as well as SRsC1 and CIPRO or NOR in 5% NaOD in
D,0 were mixed at different volume ratios at 298 K. The total concentration of host and guest was 0.01 M, and
the starting concentration of guest was 0.0 M. The solutions were mixed in different ratios (host:guest, 1:0, 1:1,
1:1.5, 1:2, 1:3, 1:4, 1:6, 1:9 and vice versa) and background medium (DZO) was added to give a total volume of
700 pL. After 24 h, the 'H-NMR spectra were recorded on a Bruker AV 400 MHz spectrometer. The chemical
shift (8 , ) of a given nucleus can be expressed using the following formula®*%:

(Gl + [Hlr + % = /(Glr + (H)r + )° — 4Gl + [Hly
2[Glr

(Sol)s = 5(1 + A6 (2)

where A§ =0 g_pg — 0 ¢ is the difference between the proton chemical shifts of the mixture (8, ;;) and guest
(8,,)- The total concentration of the mixture (total concentration of host ([H];) and total concentration of guest
([G]y)) was constant during the titration, but the ratio of host and guest molecules varied. The binding constant
(K), also known as the association constant (K,), of the inclusion complex was calculated by nonlinear parameter
fitting of Eq. (2) to the § , versus [H] datasets using a solver program based on previous work>?.

2D "H-NMR experiments. DOSY spectra were collected using a stimulated echo pulse sequence®® with two
spoil gradients. Smoothed rectangular pulses of 0.66-1.84 ms were used from approximately 50 to 1.0 G/cm in
16 increments with a diffusion time of 60 ms. All NMR datasets were collected using a Bruker AVANCE NEO
400 MHz spectrometer equipped with a 5 mm broadband SmartProbe (USA). The diffusion coefficients were
calculated by fitting the peak height as a function of the gradient strength using the “dosy2d” program in Topspin
4.1. This method was used to separate the peaks corresponding to different compounds in the mixtures (SRsC1-
LEVO, B-CD-LEVO, SRsCI1-CIPRO, and SRsCI-NOR) and to probe multimerization or intermolecular
binding.

NOESY/ROESY: The molecular geometry of each complex was investigated using 2D phase-sensitive rotating
frame nuclear Overhauser effect spectroscopy (ROESY or NOESY). The structure of the inclusion complex was
determined by applying a spinlock of 3 kHz for a mixing time of 0.5 ms. The samples for the 2D NOSEY/ROESY
measurements consisted of equimolar solutions of FQ guests and macrocycle hosts at a concentration of 50 mM
in 10% NaOD in D,O.

FTIR spectroscopic measurements. IR spectra were recorded in the range of 4000-400 cm™" using a Nicolet
6700 FTIR spectrometer and software version OMNIC 7.4.

Computational details: MD simulations. The host-guest combinations SRsC1-LEVO, B-CD-LEVO,
SRsC1-CIPRO, and SRsC1-NOR were investigated in the presence of H,O. Before solvation, the host-guest
systems were constructed by placing the guest in different orientations around the host. The guest orientations
included encapsulation, where the piperazine group or the carboxylic group was oriented within the host cavity
through both the upper and lower rims, placing the guest to the side of the host, placing the guest outside the
upper or lowerrim, and placing the guest ~10 A from the upper or lower rim. The isolated host-guest system was
minimized, solvated with a 10 A truncated octahedron with four randomly placed Na* ions, and then minimized.
The solvated system was heated from 0 to 298.15 K over 60 ps. The system was equilibrated using a canonical
ensemble (NVT) over 30 ps before running an NPT simulation over 50 ps. Further NPT production runs were
carried out for 20 ns to monitor the behavior of the host-guest system. All simulations were carried out with
the AmberTools suite of programs® 24 visualized with Chimera®’. Analysis was performed using CPPTraj"".
Complete details can be found in the supporting information.

To further probe the host-guest interactions and determine the binding enthalpy (AH), additional simulations
were carried out for all the solvated host-guest combinations listed above (with piperazine oriented within the
host), solvated hosts (SRsC1 and B-CD), solvated guests (LEVO, CIPRO, and NOR), and the solvent. Each of
these systems contained 1500 H,O molecules and 4 Na*ions. The above-described protocol for minimization,
equilibration, and production runs was implemented. To evaluate the binding of the guest by the host (Eq. (3)),
AH was calculated using Eq. (4), where <E>for each system is the average potential energy. This approach
has been implemented in previous studies on the AH values of host-guest systems®?~%. To determine AH, the
potential energy was sampled every 0.1 ps and the average was found for the 20 ns production run, excluding
the first 50 ps, which was used for further equilibration. This uncertainty in the binding affinity was determined
via blocking analysis?*® using a block size of 100 ps. The uncertainty in the binding affinity was determined as
shown in Eq. (5).

Host + Guest — Host — Guest (3)
AH =< E >host—guest + < E >solvent — < E Shost — < E >guest (4)
2 2 2 2 2
Ototal = Uhost-guost t Ogolvent T Ohost T Gguost (5)
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Antibacterial activity. The in vitro antibacterial activities were tested using gram-positive S. aureus and sensitive
and resistant strains of gram-negative P. aeruginosa. A high-throughput method employing a 96-well microtiter
plate and serial dilution was used to obtain the MIC values. Briefly, an inoculum of the test organism was grown
to mid-log phase in a Luria broth (LB) medium containing 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L
sodium chloride. The inoculum was then diluted 1000-fold in the same medium. The bacteria (10> CFU/mL)
were inoculated into LB and dispensed at 0.1 mL/well in a 96-well microtiter plate without test compounds. As
positive controls, LEVO, CIPRO, and NOR were used. A 50 pL aliquot of the 10° CFU/mL bacterial inoculum
was placed in each test well. For each system, except NOR and CIPRO, individual test concentrations were
achieved by 2-fold serial dilution with the LB medium. Because of poor solubility, NOR and CIPRO were instead
solubilized in 10% v/v DMSO (an inert solvent that does not kill bacteria) in LB media. With S. aureus and P,
aeruginosa, the final concentration ranges for the test compounds were 128-0.03 ug/mL and 36-0.06 pg/mL,
respectively. The MIC was defined as the concentration of a test compound that completely inhibited bacteria
growth during 24 h incubation at 37 °C. Microbial growth in each well was monitored by reading the absorbance
at 600 nm using a Biotek Epoch2 microplate reader. All experiments were performed in triplicate. For each
measurement, three samples in each replicate were analyzed and data were recorded as mean+standard
deviation (SD). A paired two-tailed t-test was employed for mean comparison, with significance determined at
P <0.05. The data analysis was conducted using Excel.

Determination of partition coefficient. The experimental partition coefficient (Ko/w) between n-octanol
and phosphate buffer was determined using the method described by Abuo-Rahma et a]% With slight modifications
Briefly, 80 uL of a sample stock solution (0.3 mg/mL) was diluted with 1.9 mL of phosphate buffer solution (pH
7.4) and mixed with 2 mL of octanol to mutually sature the organic and aqueous phases. The vials were protected
from light by wrapping in aluminum foil. To determine Ko/w of the FQs complexed with hosts (SRsC1 and
B-CD), a 10-times more concentrated stock solution (3 mg/mL) of host was added to the FQ-containing aqueous
phase (Table S5). The two phases were vortexed for 1 min and agitated at 120 rpm for 24 h in a shaker at 25
+ 0.1 °C. After equilibration, the aqueous phase was removed with a Pasteur pipette. Both phases were analyzed
spectrophotometrically to determine the drug concentration. The partition coefficient was calculated as the ratio
between the molar concentrations in n-octanol and the aqueous phase using Eq. (6).

Ko/w = Co/Cw x Vw/Vo (6)

where Co and Cw represent the solute concentrations in the octanol and aqueous phases after distribution,
respectively; and Vw and Vo represent the volumes of the aqueous and organic phases, respectively. All partition
coefficient determinations were performed in triplicate. A microplate reader (Varioskan Lux with Skanlt 4.1
software (USA)) was used for all measurements.

Data availability
All the data relevant to publication (NMR data, computational details) are available in the Supporting Informa-
tion.
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