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ABSTRACT

This PhD thesis sets its goal in the application of crystal engineering strategies to the
design, formulation, synthesis, and characterization of innovative materials obtained by
combining well established biologically active molecules and/or GRAS (generally
recognized as safe)'? compounds with co-formers able to modulate specific properties
of the molecule of interest. The solid-state association, via non-covalent interactions, of
an active ingredient with another molecular component, a metal salt or a complex, may
alter in a useful way the physicochemical properties of the active ingredient and/or may
allow to explore new ways to enhance, in a synergistic way, the overall biological
performance.3*

More specifically this thesis will address the threat posed by the increasing antimicrobial
resistance (AMR) developed by microorganisms, which call for novel therapeutic
strategies.”® Crystal engineering provides new tools to approach this crisis in a greener
and cost-effective way.>”2

This PhD work has been developed along two main research lines aiming to contribute
to the search for innovative solutions to the AMR problem.

Design, preparation and characterization of novel metal-based antimicrobials, whereby
organic molecules with known antimicrobial properties are combined with metal atoms
also known to exert antimicrobial action.

Design, preparation and characterization of co-crystals obtained by combining

antibacterial APIs (active pharmaceutical ingredients) with natural antimicrobials.
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Chapter 1 — Introduction

1.1 Overview

The overuse of antimicrobials during the last half-century is the primary cause of the
development of antimicrobial resistance (AMR) in pathogenic and opportunistic
microorganisms.’> AMR has become one of the most important challenges in
pharmacology and modern medicine. In the era of antimicrobial resistance, with an
increasing need to find novel therapeutic strategies, the crystal engineering approach
provides some different tools to approach this crisis in a greener and cost-effective way.
This PhD thesis sets its goal in the application of crystal engineering strategies in the
design, formulation and production of innovative materials combining well established
biologically active molecules and/or compounds of the GRAS (generally recognized as
safe)®* type with co-formers able to modulate some specific property of the molecule
of interest.

Paying great attention to the production process, following the principles of green
chemistry, during this PhD work two main research lines were developed, aiming to
progress in the search of innovative solutions to fight the AMR issue.

Line 1 — Design, preparation and characterization of novel metal-based antimicrobials,
whereby organic molecules with known antimicrobial properties are combined with
metal atoms also known to exert antimicrobial activity.

The results of the work discussed herein lend further support to the idea that co-
crystallization of antibacterial compounds or GRAS molecules with metal salts is a viable,
eco-friendly, and inexpensive way to obtain new materials with enhanced antibacterial

properties.>® Beyond organic antimicrobial molecules, metal-based antimicrobials are



of great interest as new means of dealing with the AMR threat.” Silver, zinc, copper, and
other metals have been used for millennia as antimicrobial agents.®° In this thesis | have
applied a crystal engineering approach to the preparation, characterization and
antimicrobial activity evaluation of novel compounds obtained from the assembling of

antibacterial agents or GRAS molecules with salts of these metals.

Line 2 — Design, preparation and characterization of co-crystals obtained by combining
antibacterial APIs (active pharmaceutical ingredients) with natural antimicrobials.

The basic idea is that the solid-state association, via non-covalent interactions, of an
active ingredient with a molecular component, may alter in a useful way
physicochemical properties such as solubility, dissolution rate, thermal stability,
photoreactivity ° etc. of the active ingredient and/or may allow to explore new ways to
enhance, in a synergistic way, the overall antimicrobial performance. Co-crystals have
become especially attractive in the pharmaceutical field, since they can lead to new
pharmaceutical formulations compared, for example, to conventional salts.'? This goal
is usually pursued by co-crystallizing the APl with a non-active (GRAS accepted)
molecule. In more advanced applications, however, the APl may also be co-crystallized
with another active ingredient, yielding a so-called co-drug, whereby not only the solid-
state physicochemical properties of the APl are altered with respect to those of the pure
crystal, but also the pharmaceutical and biological activity may result significantly
different.’™23 In this thesis, co-crystallization strategies are applied to alter/enhance
the antibacterial properties of well-known classes of antibiotics, namely

cephalosporines and ciprofloxacin.

In the following, the operative principles of crystal engineering utilized to carry out the

work along the two lines outlined above, will be briefly described. This thesis will then



touch upon the general approach of the mechanochemical, and solution preparations
of the compounds obtained by co-crystallization and then describe briefly how the
antimicrobial performance of the products has been evaluated. For this latter aspect,
however, a caveat is in order: the assessment of the antimicrobial activity has been
possible thanks to the collaborations with research groups at the University of Calgary,
Alberta — Canada and at the University of Bologna — Italy, who also share the authorship
of the papers and works generated by this thesis and presented in the following

chapters.

1.2 Crystal engineering: meaning and purpose

Crystal engineering, the design of functional molecular solids and coordination
polymers, has emerged as one of the most appealing areas of chemical research in
recent years.'* The subject attracts attention for both fundamental and applied reasons.
The goal of this field of research is that of assembling functionalized molecular and ionic
components into a target network of supramolecular interactions.'>'® Making crystals
by design is the paradigm of crystal engineering.® The concept of crystal engineering
was introduced by Pepinsky in 1955% and further implemented and elaborated by
Schmidt in?° the context of organic solid-state photochemical reactions. Desiraju
subsequently defined crystal engineering as “the understanding of intermolecular
interactions in the context of crystal packing and in the utilization of such understanding

in the design of new solids with desired physical and chemical properties” !

Crystal engineering has matured into methods for the supramolecular synthesis of new
compounds. The understanding of intermolecular interactions in chemical and energy

terms represents the first step in the design of a crystal engineering experiment.



Substantially, crystal engineering is a powerful tool to gain control on the arrangement
of the molecules/ions in the solid state via non-covalent intermolecular interactions
such as hydrogen and halogen bonding, van der Waals and m-interactions as well as
coordination bonds.?%22 The solid-state packing arrangement of the building blocks

(molecular and/or ionic) can dramatically affect the materials properties.?324

1.2.1 Intermolecular interactions

It is from the perspective of understanding molecular properties in an environment, in
terms of interactions between molecules, that the intermolecular interactions will be
considered in what follows. 22242 |n Table 1 are summarized the main intermolecular

interactions with their corresponding range of energies involved.?%?’

Table 1. Summary of main intermolecular interactions and their energy ranges

Interaction Energy (kJ/mol)
Hydrogen bonding
Strong >85
Moderate 15-85
Weak 5-15
Halogen bonding 5-45

lonic and dipolar interactions

ion - ion 200-300
lon - dipole 50-200
dipole - dipole 5-50
nt-interactions 2-50




1.2.2 Hydrogen bonding

Hydrogen bonding is surely the most frequently encountered and most important
interaction in molecular crystals.?® The frequency with which typical hydrogen bond
acceptor/donor elements such as nitrogen and oxygen occur in organic compounds,
coupled with the strength and directionally of the hydrogen-bond as compared to other
intermolecular forces accounts for its significance. The hydrogen bonding can be
considered as the strongest tool for molecular recognition. %°

The hydrogen bond can be generally defined as “an attractive interaction between a
hydrogen atom from a molecule or a molecular fragment X-H in which X is more
electronegative than H, and an atom or a group of atoms in the same or a different
molecule (Y), in which there is evidence of bond formation “.3° The energy of a hydrogen
bond depends on several parameters such as the nature of the donor and acceptor
atoms which constitute the bond, e.g. the electronegativity of the atoms X and Y, their
geometry, and environment.3! As a result, one can commonly divide hydrogen bonds
into three categories, i.e. strong, moderate and weak. The importance of weak and
moderate hydrogen bonds should not be underestimated since they can play a
significant role in the landscape of the non-covalent interactions in the lack of strong
hydrogen bonds. To the most typically observed weak hydrogen bonds belong such
interactions as C-H-*N, C-H--+O, C-H---X (X=Cl, F), and N-H---1t.3%33 In Figure 1 are depicted

some strong and moderate hydrogen bond motifs.



Figure 1. Schematic representation of some strong and moderate hydrogen bond motifs.

One more important aspect that influences the strength of a hydrogen bond is the pKa
value of both hydrogen bond donor and acceptor. If an ionic charge is present on the
donor and/or the acceptor of a hydrogen bond, the electrostatic dipole-dipole
component of hydrogen bonding is enhanced. The hydrogen bonds of this type are
called “charge assisted hydrogen bonds”. They are usually obtained via proton transfer

in acid-base reactions. %’

1.2.3 Halogen bonding

Halogen atoms can work as acceptor sites resulting into the interaction called halogen
bond. The halogen bond occurs when there is evidence of a net attractive interaction
between an electrophilic region associated with a halogen atom in a molecular entity
and a nucleophilic region in another, or the same, molecular entity.3* The interaction
energy follows the trend I>Br>CI>F, with I-atoms involved in the strongest bonds. Thus,
halogen bonding is a particular non-covalent interaction in which a halogen atom acts
as an electrophilic species with electron donors.33> Like hydrogen bonds, halogen
bonds can be also used to control recognition, self-assembly, and aggregation processes

in the solid. 3¢ The notable energies of certain halogen bonds allow these interactions to



prevail over other non-covalent interactions such as dipole—dipole interactions, m—m
stacking, etc.*® Some of the most common halogen bond kind of interactions are given

in Figure 2.

—————— X— —0-----X——
/ —
O\\
—N/ X —X---- )
\‘(\) gl /

Figure 2. Common examples of halogen bond motifs.

1.2.4 lonic and dipolar interactions

lonic and dipolar interactions - ion-ion, ion-dipole, and dipole-dipole interactions - arise
from the electrostatic interactions between charges.3>4° The ion-ion interactions - the
strongest ones - rely on high charge densities, therefore they generally act on long range
distances and do not display a directional arrangement. For the ion-dipole interactions,
it is possible to drive the spatial arrangement especially regarding the metal-ligand
coordination, since the number of links expected as well as the geometry of the binding
center are (at least in the case of d-block metals) predictable. Finally, the dipole-dipole
interaction can arrange itself in a parallel or orthogonal way - thus displaying a sort of
directional preference - because of the balance between repulsive and attractive forces
and of the shape of the components involved.?”#! All these features make these
interactions extensively exploited in the crystal engineering field for the design of new

materials.1>18



1.2.5 Van der Waals and nt-interactions

Van der Waals and m-interactions are resulting from the direct overlap of regions of
strong electronic accumulation (lone pairs, m-orbitals) in atoms or molecules. These
bonds are usually indicatedas A---B(orm---m, Ar- - - Ar), where A and B are the atoms
(or group of atoms) with strong electronic localization.?”4?43 ni-interactions are typical
of highly aromatic regions and can be essentially of two types, depending on how the
aromatic rings are oriented towards each other: the aryl edge-face (EF) mode and the
aryl offset face-face (OFF) mode (Figure 3). In the first case, the C-H---mt interaction is
formed due to the herringbone arrangement of the molecules, while the OFF mode is
based on 11 interactions between molecules on top of each other (m stacking).
Generally, small molecules base their arrangement on the EF mode, large molecules on
the OFF mode while intermediate size molecules can form both the interactions giving

rise to a sandwich herringbone crystal. 444>

NGO 2@

Figure 3. The aryl edge-face (EF) mode and the aryl offset face-face (OFF) mode.



1.2.6 Supramolecular synthons

In the crystal making process, the choice of “supramolecular synthons” is typically
involved. Desiraju defined supramolecular synthons as “an identifiable pattern of
interacting molecular groups that is likely to be repeated in other crystal structures that
contain the same molecular functional groups. These linkers largely control how the
individual molecules will assemble as crystals for both organic and inorganic
substances”.'® The main goal of crystal engineering is to recognize and to use wisely
supramolecular synthons and intermolecular interactions, in the design of materials.*64
In Figure 4 some examples of supramolecular synthons formed via hydrogen bonding
are represented.*®>1 Synthons 1-3 are homosynthons exhibited by carboxylic acid (1 and
2) and amide dimers (3). Synthon 4-6 are examples of heterosynthons. Synthon 1-6 have
strong C=0---H-0; N-H---O; and O—H---N interactions. Synthons 7 and 8 are less favoured
with either one weak C—H---O=C and one strong O—H---N (7) or both weak C—H---0O=C

hydrogen bonds (8).

Figure 4. Arrangements of supramolecular synthons formed via hydrogen bonds.



1.2.7 Coordination networks

The properties of a solid can be engineered by arranging or assembling organic and
inorganic species able to establish intermolecular interactions of the types described
above and/or to coordinate and linking metal centres in a required fashion. >°

Crystal engineering with coordination bonds is an attractive area or research owing to
the inherent stability of coordination bonds and the versatility of coordination modes of
transition metal atoms.>* Coordination molecular architectures can be assembled with
metal ions in different geometries and various multifunctional ligands, into complex
frameworks. The coordination behaviour of the ligands and of the metal ions play a
fundamental role in controlling the framework structures, which can exhibit a wide
range of coordination architectures from zero-dimensional (0-D) complexes, to 1-D
coordination polymers, 2-D coordination networks and to 3-D metal organic
frameworks.>

Besides the above-mentioned supramolecular interactions, other weak intermolecular
interactions, such as metallophilic interactions between d'° metal ions (e.g copper(l),
silver(l), gold(l)), can also significantly influence the assembly of a polymeric/

supramolecular structure. >6->8

1.3 Possible outcomes of a crystallization process

The understanding of all the possible intra- and intermolecular interactions does not
guarantee the predictability of the outcome of a crystallization process. Especially, the
prediction becomes more difficult if more than one molecular and/or ionic building
block is involved in the crystallization process.>® Depending on the design strategy and
on the experimental conditions there is a great diversity of crystal forms that can be

obtained starting from a building block of choice, which may well be an active

10



pharmaceutical ingredient or a biologically active molecule (vide infra). The
crystallization process of a given molecule or complex of interest, may result in a variety
of solid forms, from amorphous materials,® to single molecule crystals, to
polymorphs,817%4 solvates, %2> hydrates,® salts,®” molecular®®7° or ionic 7*~"3 co-crystals,
and solid solutions’®’* depending on the crystallization conditions and/or on the

presence of other crystallization components. The possible outcomes are represented

in Scheme 1.
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Scheme 1. Outline representation of the structural relationship between polymorphs, hydrates,
solvates, co-crystals, salts, solid solutions, and amorphous materials obtained from a molecule
of interest crystallized in different experimental conditions.
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1.3.1 Molecular and ionic co-crystals

Multicomponent crystalline assemblies are relevant targets in the quest for novel solid
forms exhibiting enhancement of physicochemical properties such as solubility, intrinsic
dissolution rate, morphology, thermal and hydration stability compared to those of the
separate components. Due to their potential utilization to tune these crucial properties,
multicomponent crystalline solids are of interest in a variety of applications
(pharmaceuticals, pigments, high energetic materials, nutraceuticals, agrochemicals,
cosmetics etc.).”>80 Several strategies can be employed to modify the chemical and
physical solid-state properties of the material of interest (see scheme 1): the formation
of polymorphs, salts, hydrates, solvates, molecular and ionic co-crystals, and solid
solutions. The most well-established approach in the formulation of a new
multicomponent crystalline solid with enhanced physicochemical properties is the
formation of a salt.®> The main limitation of salts is that the compound of interest must
contain ionizable (basic or acidic) moieties.?” A different pathway can be the formation
of a molecular or ionic co-crystal.®

The definition of co-crystal has been extensively debated in the academic literature over
the last years.®%7086 Starting from the generic assumption that a co-crystal is a multi-
component molecular crystal, more specific definitions have been proposed, with the
aim of ruling out other types of crystalline materials such as solvates, hydrates,
clathrates, salts, and non-stoichiometric compounds. Zaworotko and co-workers have
stated that a molecular co-crystal is a multiple component crystal where neutral
molecular components are present in a definite stoichiometric ratio and all the
components, when pure, are solid under ambient conditions.2® Similarly, Aakerdy and

Salmon have proposed the following criteria to define a molecular co-crystal, i.e. (1) only

12



compounds constructed from discrete neutral molecular species are considered (this
statement excludes all solids containing ions, namely salts and complexes of transition-
metal ions), (2) the components should be solid at ambient conditions (this assertion
allows to distinguish co-crystals from solvates and hydrates as well as from clathrates or
inclusion compounds with a solvent/gas molecule as a guest component) and (3) the
crystal must be a structurally homogeneous crystalline material containing two or more
neutral building blocks in well-defined stoichiometric amounts (this statement allows to
draw a borderline between co-crystals and solid solutions).%®

Depending on the nature of a co-former, co-crystals can be divided into “molecular” or
“jonic” co-crystals.”> A “molecular” co-crystal is composed of at least two neutral co-
formers in a stoichiometric ratio, the components typically held together by hydrogen
and/or halogen bonds, n-1t stacking or other weak intermolecular interactions. The term

III

“jonic co-crystal” (ICC) was introduced by our research group.?” Initially this term was
used to define co-crystals formed by a neutral organic molecule and an inorganic salt of
a non-transition metal. The main interactions in such organic—inorganic systems are
those established by metal cations with the organic moieties (typically, oxygen or
nitrogen atoms donate electrons towards the metal cation).®” To date, the use of the
term has been extended to define the co-crystals of neutral molecules with organic or
organic-inorganic salts.8 Strictly speaking, ICCs do not meet one of the requirements —
necessary to define a co-crystal — mentioned above, since one of the co-formers is not
neutral. However, they are not proper salts either since no proton transfer took place

between the molecule of interest and the co-former. Consequently, one can say that

ICCs lie on the borderline between salts and co-crystals.
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1.4 Mechanochemistry: a tool for a sustainable crystal engineering

Paul Anastas and John C. Warner co-authored the cornerstone book, Green Chemistry:
Theory and Practice in 1998, and they defined Green Chemistry as the “design of
chemical products and processes to reduce or eliminate the use and generation of
hazardous substances” 8 From a first ideal concept, the Green Chemistry manifesto was
then structured, with the Twelve Principles as a guide for the design of new chemical
products and processes.?® Sustainable and green chemistry in very simple terms is just a
different way of thinking about how chemistry and chemical engineering can be done.*!
Mechanochemistry, nowadays, is considered one of the most relevant techniques used
in the field of green chemistry.®? It is an ancient tool, recently rediscovered to meet the
demand for clean processes and environmentally friendly solvent-free reaction.’3%
The term "mechanochemistry" was coined by Ostwald in 1893 and it consists in the
application of mechanical forces to promote phenomena and chemical reactions. 2>
A mechanochemical reaction is defined as “a chemical reaction that is induced by the
direct absorption of mechanical energy”,’>® in fact, the energy that is released by the
movement and collision of grinding bodies does not only lead to a reduction in particle
size but can also be enough to allow the activation of chemicals in reaction
environments,%7:101,102

Recent works in mechano-synthesis of small organic molecules and metal-organic
materials suggest that mechanochemical methods can bring about approximately
10000-fold improvements in the solvent- and energy-usage.®®1%0.101 From a green
chemistry perspective, mechanochemical activation conducted by milling or ultrasonic

irradiation allows for the possibility to drastically reduce the amount of solvent needed

14



during chemical reactions, even to the point of achieving chemical reactivity under
solvent-free conditions, 98102105

Regarding the crystal engineering field, this method presents a whole range of benefits
such as the control on stoichiometric composition and the ability to generate crystalline
materials regardless of the relative solubilities of the starting components. 1037105
Typically, molecular and ionic co-crystals are prepared by slow solvent evaporation, the
limitation being the solubility of the components in a given solvent or solvent mixture,
but also the solubility of the co-crystal with respect to that of the single components.1%
The mechanical grinding of molecular materials, with or without the addition of a small
quantity of solvent (liquid assisted grinding- LAG), has revealed itself a greener and cost-
effective way to prepare molecular and ionic co-crystals. 103,106

The mortar and its pestle is the simplest mechanochemical reactor and with this
practical and ancient “instrument”, chemical reactions were already carried out in the
Middle Ages, such as the conversion of cinnabar (HgS) into liquid mercury. 1077109
Mechanochemical reactions, nowadays, are mostly performed with a ball milling
instrument, planetary or vibrating.11%11! The ball mills are instruments designed for the
reduction and homogenization of the particle size of powder mixtures. Thanks to the
continuous frictions that occur between the particles and the milling bodies of the mills,
in fact, the dimensions of the introduced powders are reduced and a more even
distribution of the particle dimensions is obtained. The mills, partially filled with spheres
acting as grinding media, allow in a single instrument to have a homogeneous mixing of
the introduced reagents, the increase of the surface area of the powders with the
grinding action and a high energy supply, thanks to the friction forces taking

place.}10112113 Thege forces can promote the activation of many phenomena inside the
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milling jars, such as organic reactions,®”"1% breaking and rearranging bonds, 01112 solid
state transitions and transformations, 193104106 particle size reduction, crashing, alloying,
etc.9511Q114

The grinding media and the material of the milling vessel can variate from ceramics to
plastic and stainless steel. The planetary mill rotates on a horizontal axis, describing a
planetary movement around the rotation center. The vibrating mill oscillates with a
frequency that can reach 60 Hz, commonly with a horizontal movement. In Figure 5 are

illustrated possible milling movements and grinding directions.

planetary mill

vibrating mill

Figure 5. Description of milling movements and grinding directions.

The course of a reaction can be modulated by changing the milling conditions, such as

the amount of solvent, the milling time, the material of the jar and the grinding media.

115-117

From all these considerations, it follows that mechanochemistry is the preferred
synthetic technique applied in this research work to obtain bulk materials, performed
along with the solution-based synthesis, to obtain single crystals suitable for single

crystal X-ray diffraction.
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1.5 Methods and techniques used for the preparation and
characterization of solid products.

A brief overview of crystal growth techniques, bulk material preparation, sample
analysis and characterization methods used in this thesis is presented in the following
section.

As mentioned in the previous paragraph, the mechanochemical synthetic strategy was
the preferred technique applied for the preparation of bulk materials, along with the
synthesis from slurry. To obtain highly crystalline samples, in most of the cases, was
performed a slow evaporation of solvent from solution, in various conditions and
reaction parameters. Crystallization from melt was also applied in some peculiar case,
for example when a reagent was almost completely insoluble in each accessible solvent.

The resulting solid samples were then analysed with the following techniques:

e Single Crystal X-ray Diffraction (SCXRD) is the main technique used for structure
determination from suitable single crystal samples.

e X-ray Powder Diffraction (XRPD) allowed to characterize the bulk material. In co-
crystallization experiments it was mainly used to determine if a change of the phase
was taking place, whether there were any new peaks different from those of the
starting materials and, if so, whether some traces of the starting materials were still
present in the bulk. When it was not possible to grow the single crystal of suitable
guality to solve the structure using SCXRD, XRPD was applied for this purpose.

e Variable Temperature X-ray Powder Diffraction (VTXRPD) was used to follow the
possible changes in the crystalline structure of the investigated solids upon change
of the temperature.

o Differential Scanning Calorimetry (DSC) is a thermo-analytical technique used to
detect and measure the enthalpy change associated with phase changes
(dehydration/desolvation, polymorphic transition, melting).

e Thermogravimetric Analysis (TGA) was performed to quantify the mass loss of the

sample upon heating.
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e Hot-Stage Microscopy (HSM) was used for preparation of the crystals from melt and
for visual estimation of the effect of temperature on the investigated solids.

e Solubility tests were performed to determine the maximum quantity of a compound
capable of dissolving in a defined amount and type of solvent.

e Solid-state NMR — performed by collaborators of the group of Professor Roberto
Gobetto at the University of Torino, Italy — used to characterize solid-state products

when a better understanding of the structural features was needed.

1.6 Evaluation of the antimicrobial and bactericidal activity

The evaluation of the antimicrobial performance of the products obtained by applying
the methods outlined above was possible thanks to a number of experts and synergistic
collaborations with research groups at the University wasof Calgary (Canada), prof.
Raymond Turner, and at the University of Bologna (ltaly), groups of prof. Vittorio Sambri
and of prof. Vincenzo Scarlato. Without entering in the details of the work carried out
by these groups, with the objective of assisting the reader of this thesis to appreciate
the results described in the published papers and in this thesis, the main parameters

that have been evaluated are described hereafter.

Minimum inhibitory concentration (MIC) is defined as the lowest concentration of an
antimicrobial that will inhibit the visible growth of a microorganism after overnight
incubation. MICs are used by diagnostic laboratories mainly to confirm resistance, but
most often as a research tool to determine thein vitroactivity of new

antimicrobials.118119

Minimum bactericidal concentration (MBC) is the lowest concentration of antimicrobial
that will prevent the growth of an organism after subculturing on to antibiotic-free

media. The MBC is identified by determining the lowest concentration of antibacterial
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agent that reduces the viability of the initial bacterial inoculum by 299.9%. The MBC is
complementary to the MIC; whereas the MIC test demonstrates the lowest level of
antimicrobial agent that inhibits growth, the MBC demonstrates the lowest level of

antimicrobial agent that results in microbial death.'?°
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Chapter 2 — Design of novel metal-based antimicrobials

Metal compounds have been used as antimicrobial agents for thousands of years, only
to be mostly replaced by organic antibiotics in the 20th century.?

Traditional antibiotics tend to follow the bullet-target concept, acting on specific
biochemical processes: replication, transcription, translation, and metabolic enzymes,
which provide ease of progressive resistance. Alternatively, metals appear to target
multiple cellular processes.?

The extended overuse of antimicrobials during the last half-century is the primary cause
of the development of antimicrobial resistance in pathogenic and opportunistic
microorganisms,®> which has become one of the most important challenges in
pharmacology and modern medicine.*” It follows that a synergistic multi-target
strategy, based on metal-organic combinations could open a new window of
opportunity.

Since metal-based antimicrobials have the potential for designing novel sustainable
solutions for health,>® progress has been made in the area of molecular inorganic-
organic hybrid compounds.”® These materials are engineered to combine a bactericidal
metal center with bioactive ligands or with ancillary ligands selected from the GRAS
(generally recognized as safe) list.° Indeed, the coordination of organic ligands with
metals, showing antibacterial activities, has proved to be a valid route to tackle
antimicrobial resistance (AMR).1° In this part of my research work the attention has
been focused on the design of new bioactive salts, complexes and coordination
polymers (CPs). In the following sections are reported the results obtained concerning

the matter described in this brief introduction.
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2.1 Proflavine and zinc chloride “team chemistry”: combining
antibacterial agents via solid-state interaction

Abstract

Co-crystallization of the antibacterial agent proflavine (PF) with the inorganic salt ZnCl;
by mechanochemical and solution methods results in the formation of novel compounds
ZnCl3(HPF) (1) and [HPF]2[ZnCla]-H20 (2), both containing the proflavinium cation (HPF)+.
Both compounds show a 50-125% enhanced antimicrobial activity with respect to a
reference standard of AgNOs, and a 25-50% enhancement to the behaviour of the
separate components against pathogen indicator strains of Pseudomonas aeruginosa,
Staphylococcus aureus, and Escherichia coli. In terms of crystal structure, both
compounds ZnCl3(HPF) and [HPF]2[ZnCl4]-H,0 are characterized by extensive m-stacking
interactions between the proflavine moieties. The same interaction is predominant in
the previously unknown crystal structures of neutral proflavine (PF), as well as in that of

its dihydrated monochloride salt, [HPF]CI-2H,0, which are also described in this paper.

This paper can be found at https://dx.doi.org/10.1039/d1ce00612f
with the related supporting information file.

Reproduced with authorization.
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Introduction

Antimicrobial resistance (AMR)' is rapidly developing as the
major health problems of our time, mainly caused by the
abuse of antibiotics to control infections in humans and
animals.” Most of the common pathogenic strains already
have antibiotic-resistant genes and, presumably, more
antibiotic-resistant pathogens will emerge in the future.” The
quest for new antimicrobial agents can nowadays rely on the
important conceptual tools provided by crystal engineering,”
namely the possibility of associating within the same
crystalline material two or more components’ via co-
crystallization. As a matter of fact, co-crystallization is being
actively explored in the pharmaceutical field,® since the
association of an active ingredient and a coformer, which, in
turn, can also be an active molecule, can generate new
pharmaceuticals or alter significantly the physico-chemical
and pharmacokinetic properties of known ones.” In the quest
for a crystal engineering-based answer to the AMR problem,
we have recently shown that co-crystallization of the

“ Dipartimento di Chimica “Giacomo Giamician”, Universita di Bologna, Via Selmi,
2, 40126 Bologna, Italy. E-mail: dario.braga@unibo.it

? Department of Biological Sciences, University of Calgary, 2500 University Drive
NW, Calgary, Alberta T2N 1N4, Canada

T Electronic supplementary information (ESI) available: Single crystal and
powder X-ray diffraction data, TGA and DSC. CCDC 2081498-2081501. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
dice00612f
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which are also described in this paper.

antibacterial compounds proflavine® and methyl viologen,’
with metal salts, such as CuCl, CuCl, and AgNOs;, is a viable,
eco-friendly, and inexpensive way to obtain new materials
with enhanced antibacterial properties.'” An analogous co-
crystallization approach has been used to prepare new
associations of known antibiotics, such as ciprofloxacin, with
natural antimicrobials, such as thymol and carvacrol.** Based
on the same approach, a multicomponent solid consisting of
an antibacterial (norfloxacin) and an antimicrobial
(sulfathiazole) has been recently reported by Desiraju et al.'*
showing enhanced in vitro biological properties and improved
physicochemical behaviour. Besides organic antimicrobial
molecules, metal-based antimicrobials are of great interest as
new means of dealing with the AMR threat.>** Silver, zinc,
copper and others have been used for millennia as
antimicrobial agents.'> Moreover, the combination of metals
with organic antimicrobials as metal-coordinated ligands
and/or co-crystals may represent an alternative resource in
the quest for new and diverse solutions.'® In this work, we
apply a crystal engineering approach to the preparation,

P2
HoN N NH,

Proflavine (PF)

\
@
HoN NH,

N

|

H
Proflavinium cation (HPF)

Scheme 1 Neutral PF and monoprotonated proflavine HPF used in
this work.

This journal is © The Royal Society of Chemistry 2021
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characterization and antimicrobial activity evaluation of two
novel compounds obtained from the known antibacterial
agent proflavine (see Scheme 1 for neutral proflavine, PF)
which is reacted as its hydrochloride proflavinium cation
(HPF)” with zinc chloride. Depending on the stoichiometrie
ratio between (HPF)" and zinc chloride and on the
preparation conditions, new compounds ZnCl3(HPF) (1) and
[HPF],[ZnCl,|-H,O (2) have been obtained by both solution
and mechanochemical methods and characterized by X-ray
diffraction, DSC and TGA.

The structure of 1 has been determined from powder
diffraction data, as it proved impossible to grow single
crystals, while that of 2 has been determined from single-
crystal X-ray data. Correspondence between the bulk
mechanochemical products and the structures of 1 and 2 has
been verified by comparing the observed and calculated X-ray
powder diffraction patterns. The monohydrate nature of 2
has been ascertained by TGA. The antimicrobial activity of 1
and 2 has been tested against the pathogen indicator strains
Pseudomonas aeruginosa ATCC27853, Staphylococcus aureus
ATCC25923, and Escherichia coli ATCC 25922. To evaluate the
efficacy of the antimicrobials, we have used the established
method of measuring a zone of growth inhibition and
contact killing using a compound impregnated antimicrobial
susceptibility filter disk.

In this paper, we also report the structural
characterization of two novel forms of proflavine, namely the
anhydrous proflavine (PF), obtained by dehydration of
proflavine monohydrate PF-H,O (CSD refcode PROFLV'’),
and that of its hydrochloride salt, [HPF]CI-2H,0, the
monoprotonated form of the known dichloride salt [H,PF]
Cl,-2H,0 (CSD refcode PROFLC'). Despite the different
nature of the four compounds, the neutral organic molecule
(PF), a hydrated salt [HPF|CI-2H,O and coordination
compounds between PF and zinc chloride (1) and a salt (2),
all these crystals share the common feature of extensive
n-stacking and of herringbone interactions between the
proflavine/proflavinium moieties.

Experimental

Materials and methods

All reagents and solvents used in this work were purchased
from Sigma-Aldrich and used without further purification.
Preparation of PF-H,0. Commercial [HPF];[SO,]-xH,0 (1
¢) was dissolved in 25 mL of water and 3.10 g (0.077 mol) of
NaOH was added to the solution, yielding PF-H,O as a
crystalline powder, which was filtered and washed several
times with water. The experimental X-ray powder pattern of
the product matched the one calculated on the basis of single
crystal data for PROFLV (Fig. S1j). A sample of the
polyerystalline PF-H,O was analyzed via hot stage microscopy
(HSM), using a Linkam TMS94 device connected to a Linkam
LTS350 platinum plate and an Olympus optical microscope; a
heating rate of 10 °C min™' was applied. Crystal growth of
the anhydrous proflavine was observed on the original

This journal is © The Royal Society of Chemistry 2021
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powder at ca. 100 °C, concomitantly with the dehydration
process of PF-H,O. The sample was cooled down to room
temperature and the yellow single crystals were structurally
characterized and analyzed via X-ray diffraction.

Synthesis of the anhydrous PF. The anhydrous phase of
PF was obtained by thermal treatment in an oven for 20 min
at 85 °C. The product was characterized by X-ray powder
diffraction and the pattern was compared with the one
calculated from the single crystals of anhydrous PF. The
single crystals of anhydrous proflavine were obtained directly
upon dehydration of PF-H,O under the microscope during
hot-stage heating to 100 °C.

Solution synthesis of ZnCl;(HPF) (1) (PF-H,0:ZnCl, = 1:
1). A solution of PF-H,O (113.62 mg, 0.5 mmol) in HC] 0.1 M
(2.5 mL, 0.25 mmol) was added to a solution of ZnCl, (68.14
mg, 0.5 mmol) in water (1 mL). A crystalline powder was
recovered after slow evaporation of the solvent and used for
structural characterization.

Solution synthesis of [HPF|,[ZnCl,]-H,O (2) (PF-H,O:
ZnCl, = 2:1). A solution of PF-H,0 (113.62 mg, 0.5 mmol) in
HCI 0.1 M (5 mL, 0.5 mmol) was added to a solution of ZnCl,
(34.07 mg, 0.25 mmol) in water (0.5 mL). A crystalline powder
was recovered after slow evaporation of the solvent. Single
crystals of 2 were recovered and used for the diffraction
experiments (see below). Serendipitously, single crystals of
[HPF|CI-2H,O were also recovered from one of the
crystallization batches and subjected to X-ray diffraction.

Solid-state synthesis of ZnCl;(HPF) (1). Crystalline 1 was
also obtained by kneading a 1:1 stoichiometric amount of
[HPF]CI (obtained by reacting the free base of proflavine with
HCI 0.1 M and drying in a rotavapor - the purity of the
product was checked by solution NMR) and ZnCl,, in the
presence of 2-3 drops of acetone, for 1 hour in a Retsch
MM200 Mixer Mill, operated at a frequency of 15 Hz, with 5
mL agate jars and 2 balls of 5 mm diameter. The same

reaction in a 2:1 stoichiometric ratio still yielded
compound 1.
Powder X-ray diffraction. For phase identification

purposes, room temperature X-ray powder diffraction (XRPD)
patterns were collected on a PANalytical X'Pert PRO
automated diffractometer equipped with an X'celerator
detector in the 24 range of 3-40° (step size: 0.011, time/step:
50 s, V x A: 40 x 40).

For the structural characterization of ZnCl;(HPF) (1) from
the powder diffraction data, a room temperature X-ray
diffraction pattern was collected in transmission geometry on
a PANalytical X'Pert PRO automated diffractometer, equipped
with a focusing mirror and pixel detector, in the 26 range of
3-60° (step size: 0.0130°, time/step: 118.32 s, V X A: 40 kV x
40 mA). To improve the quality of the obtained XRPD
patterns, 3 repetitions were performed and the scans were
merged. The compound was indexed in the triclinic P1 space
group with the auto-indexing module of N-TREOR' as
implemented in the program EXP02014.*° A simulated
annealing method was performed with EXPO2014, using one
zine, three chloride ions and one proflavine cation per

CrystEngComm, 2021, 23, 4494-4499 | 4495
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asymmetric unit. Ten runs for the simulated annealing trial
were set, and a cooling rate (defined as the ratio T,/T,-,) of
0.95 was used. A Rietveld refinement (Fig. S67) was
subsequently performed with TOPAS 5.0,>' treating the
proflavine molecule as a rigid body. Structural details are
listed in Table S1.f

Single crystal X-ray diffraction. Single crystal data for 2 as
well as for PF and for [HPF|CI-2H,O were collected at room
temperature Oxford Diffraction  X'Calibur
diffractometer equipped with a graphite monochromator and
a CCD detector. Mo-Ka radiation (1 = 0.71073 A) was used.
The unit cell parameters for both complexes discussed herein
are reported in Table S1.f The structure was solved by the
intrinsic phasing methods and refined by least squares
methods against F* using SHELXT-2016 (ref. 22) and
SHELXL-2018 (ref. 23) with the Olex2 interface.”* Non-
hydrogen atoms were refined anisotropically. Hey atoms were
added in calculated positions; Hoy and Hy atoms were
either located from a Fourier map or added in calculated
positions and refined riding on their respective carbon,
nitrogen or oxygen atoms. The software Mercury 4.3 (ref. 25)
was used for graphical representations and for powder
pattern simulations on the basis of single crystal data.

Differential  scanning  calorimetry (DSC). DSC
measurements were performed for PF-H,0, ZnCl;(HPF) (1)
and [HPF[;[ZnCl,]'H,O (2) with a Perkin-Elmer Diamond. The
samples (3-5 mg) were placed in sealed aluminium pans,
and heating was carried out at 5 °C min™".

Thermogravimetric analysis (TGA). TGA measurements for
PF-H,0, ZnCl;(HPF) (1) and [HPF],[ZnCl,]-H,O (2) were
performed using a Perkin-Elmer TGA7 in the temperature
range of 25-450 °C under a N, gas flow, at a heating rate of 5
°C min™".

Antimicrobial activity. Antimicrobial efficacy was assessed
similarly to previous work.' Inocula from frozen stocks of
each of the three bacterium species strains were cultured in
test tubes, prepared with 2 mL of Luria-Bertani (LB) and
incubated at 37 °C for 16 h. These cultures were then used to
inoculate spread plates (for the zone of inhibition and
contact killing). LB agar plates were spread inoculated with
100 pL of overnight culture and were then allowed to dry
while disks were prepared. Antimicrobial filter disks (Oxoid
Basingstoke Hants, UK Lot# 1872714) were inserted into
metal salt or crystal solutions/slurries of 25 mg mL™" using
sterile tweezers to soak and adsorb materials. The disks were
exposed for 1 hour with inversions every 15 min. The disks
were then placed on the spread plates and all the plates
received a disk of AgNO; (also prepared from 25 mg mL ') as
the internal control. The plates were incubated overnight at
37 °C prior to photography and measurement of the zone of
inhibition by average diameter (mm). The zones of inhibition
were ratioed to the zone of the AgNO; control on each plate
to remove plate to plate variances. For contact killing efficacy,
a pre-grown spread plate received disks on the surface of the
bacteria growth lawn and left for 24 h and then removed to
observe clearing of the bacterial growth due to cell lysis (as

with an
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| PFH0+Zncl, |
lHCI(aq)

| [ZnCl,(HPF)] || [HPF,-(ZnCl,)-H,0|

Ta c(e?o)n e

| [HPFICI-2H,0 + ZnCl, |

Scheme 2 Different reaction pathways for the synthesis of ZnCls;(HPF)
(1) and [HPF];[ZnCl,])-H,0 (2).

well as swabbing underneath the disk to see if any exposed
bacteria could be recovered).

Results and discussion

Proflavine (PF), obtained as a free base from the commercial
sulphate salt (see Experimental), was co-crystallized with
ZnCl, both vie mechanochemistry (in the form of its chloride
salt) and from solution in 1:1 and 2:1 stoichiometric ratios
(see Scheme 2), yielding the neutral, anhydrous complex
ZnCl;(HPF) (1) and the hydrated salt [HPF|,[ZnCl,]-H,O (2),
both containing the proflavinium cation (HPF)', ie
proflavine in its monoprotonated form (see Scheme 1).
Crystallization from solution yielded higher purity target
products, which were subsequently utilized for the
investigation of the antimicrobial activity. It should be
stressed here that the term co-crystallization, in this paper as
in other related studies,'® is used to emphasize that the
products are obtained via direct mixing of solid compounds
that form stable crystalline phases under ambient conditions
and that the target of the investigation is the behaviour of
the crystalline products in comparison with the crystalline
phases of the separate components (vide infra).

Single crystals of anhydrous proflavine PF were grown
directly from polycrystalline PF-H,O upon dehydration at ca.
100 °C. Fig. 1 shows a photograph of the yellow crystals of PF
growing from the powder of PF-H,O while undergoing
dehydration under the microscope.

N\

Fig. 1 Yellow crystals of the anhydrous proflavine, obtained directly
upon dehydration of PF-H,O under the microscope during hot-stage
heating to 100 °C.

This journal is ® The Royal Society of Chemistry 2021
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Fig. 2 (Top) “double” herringbone pattern in anhydrous PF, and
(bottom) front/side views evidencing the C-H---n interactions within a
pair of facing molecules.

Its structure was determined from the single crystal X-ray
diffraction data (see the ESIf) and is characterized by a
double herringbone motif shown in Fig. 2, where pairs of PF
molecules are stacked along the b-axis direction.

This arrangement is reminiscent of the one observed in
the crystalline PF-H,O (PROFLV), but in this last crystal, a
simple herringbone pattern is present. In both crystals (see
the insets in Fig. 2 and 3), the PF molecules within a pair are
facing each other so as to maximize the number of C-H--n
interactions.

Single crystals of [HPF]Cl-2H,0 were also recovered from
one of the crystallization batches of [HPF],[ZnCly]-H,O (2)
and were subjected to a data collection revealing the
unexpected formation of a novel hydrochloride form of PF. It
is interesting to note that in this solid, analogously to what is
observed for the known dichloride salt [H,PF|Cl,-2H,0
(PROFLC), the protonation of the acridine nitrogen and the
concomitant presence of good hydrogen bond acceptors - the
chloride ion and the water molecule - favor the formation of
n-n stacking arrangements of the aromatic units within the
crystal, as shown in Fig. 4.

,-rél,p'ﬁlm" ARE) )

A
AP AP Aot Toe
r.“ rl“

. >

Fig. 3 (Top) herringbone pattern of the proflavine molecules in the
monohydrated free base PF-H,O (PROFLV) (water molecules are not
shown for clarity), and (bottom) front/side views evidencing the C-
H---7 interactions, analogously to what is observed in the crystalline
PF.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Comparison of the n-stacking arrangements of aromatic
mono- and di-cations in the monochloride [HPFICl-2H,O (top) and
dichloride [H;PFICl;-2H;O (PROFLC) (bottom) proflavine salts. For the
sake of clarity, the cation layers are shown on the right-hand side.

The reaction of proflavine with ZnCl, in a 1:1
stoichiometric ratio (see Experimental) yields the complex
ZnCl;(HPF) (1), which contains the ligand (HPF)", ie.
monoprotonated proflavine. Fig. 5 shows how the ZnCl;(HPF)
molecules are piled along the crystallographic c-axis, with
short interplanar distances of 3.30(1) and 3.37(1) A.

Reaction of proflavine with ZnCl, in a 2:1 stoichiometric
ratio (see Experimental) yields the hydrated molecular salt
[HPF],ZnCl,-H,O (2), which contains monoprotonated
proflavine as a counterion, instead of the coordinated ligand
as in compound 1. Fig. 6 shows how the pairs of
proflavinium cations are n-stacked in the crystal, with pairs
arranged in a herringbone fashion; interplanar distances are
3.34(1) and 3.41(1) A (see Fig. 6).

A standard antimicrobial disk-diffusion approach*® was
used to evaluate the relative antimicrobial activity. Both
proflavine and zinc are antimicrobial and the question here
is if they would retain their antimicrobial activity in a co-
crystal. Rather than reporting the absolute zone of inhibition
of growth, the amount of inhibition was ratioed in
comparison to AgNO; (Fig. 7). Silver is the most established
metal-based antimicrobial® and thus is an excellent
comparator to evaluate new formulations. Under the medium
conditions used here, AgNO; gives a minimal inhibitory
concentration value of 0.125 mM towards all three bacterial

Fig. 5 (Left) projection in the ab-plane of the crystalline ZnCls(HPF)
(1). The molecules are arranged in piles along the c-axis direction, with
short interplanar distances between the aromatic moieties (right).

CrystEngComm, 2021, 23, 4494-4499 | 4497
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Fig. 6 Projection down the crystallographic b-axis of the crystalline
[HPFI,[ZNCl,l-H,0 (2), showing the herringbone pattern of the HPF*
cationic pairs (left) and the n-stacking arrangement of the cations
within each pair (right; compared with crystalline 1 in Fig. 5) (grey and
orange spheres represent the carbon atoms belonging to the two
independent molecules).

strains used here.*® We see that ZnCl, has a similar efficacy
to AgNO; towards P. aeruginosa, but slightly better efficacy
towards E. coli and best for S. aureus. Proflavine is a planar
molecule that effectively intercalates into DNA as its mode of
toxicity, making it an effective antimicrobial antiseptic and
potential anticancer agent.”” Proflavine shows a higher
antimicrobial activity than silver in our assays. Combining
the two compounds shows a 50 to 125% better efficacy than
AgNO; towards all three of the pathogen indicator strains we
tested. Additionally, all compounds had contact killing
capability against all three strains. This was evaluated by
placing the compound impregnated disks onto a lawn of live
bacteria and assessing the ability to kill the bacteria in
contact. These data demonstrate that the mixture as a crystal
did not decrease the biocidal activity of the compounds and
potentially enhances them, which was unexpected and
somewhat remarkable. Given that the crystal mixtures by
weight would actually have less proflavine by moles, the data
imply that the presence of Zn enhances the antimicrobial
efficacy of proflavine more than what one interprets from
Fig. 7.

2.50

2.00 —

1.50

1.00

0.50

0.00

ZnCl, PF ZnCly(HPF) (HPF)5(ZnCl,)H,0
4) (5)

OE. coli mP. aeruginosa B S. aureus

Fig. 7 Fold antimicrobial activity in comparison to AgNO; (the value
of 1.00 is equal to the efficacy of silver nitrate). Data from the 3
independent biological trials (2 technical trials each) are given;
variance between the trials was removed through ratioing to a control
on each plate (silver nitrate) which leads to negligible differences in
fold activity.
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Conclusions

The increasing concern in the development of antimicrobial
resistance is motivating the quest for new materials to be
used in the battle against pathogens. A promising approach
using co-crystallization has been used to synthesise new
materials and/or to enhance the properties of active molecules.
With this idea in mind, we have prepared by both solution and
solid-state methods and structurally characterized two novel
compounds of the antibacterial proflavine with ZnCl,, namely
ZnCl;(HPF) (1) and [HPF],[ZnCl,]-H,O (2). Interestingly, 1 can
be obtained mechanochemically as the unique product starting
from [HPF|Cl-2H,0 while reaction in solution of PF-H,O and
ZnCl, yields 1 or 2 depending on whether a 1:1 or 2:1
stoichiometric ratio of the reactants is used. The fact that
mechanochemical and solution synthesis may yield different
products is not surprising®® and has been observed in several
cases. In terms of antimicrobial activity, the two compounds
appear to be 1.5 to 2 times more efficient towards the pathogen
indicator strains with respect to the reagents and towards
AgNO; used as a standard of metal antimicrobial activity. We
envisage the use of our compounds as coating materials in the
prevention of infectious disease transfer or microbial fouling.
The challenges that exist are producing a crystal that releases
the active ingredients at a level that sustains antimicrobial
properties and that is stable to the physical manipulation and
use of the material that has been coated. This opens avenues
for the development of unique metal chelates and organo-
metal compounds for AMB applications.
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X-RAY POWDER DIFFRACTION PATTERNS

o

5 10 15 20 25 30 35 40
260 / deg

Figure SI-1. Comparison between the experimental XRPD pattern for PF-H,0 (red line) and the pattern
calculated on the basis of single crystal data from the CSD (PROFLV) (black line).

10 15 20 25 30 35 40
20/ deg

)

Figure SI-2. Comparison between the experimental pattern for [HPF]CI-2H,0 (red line) and the patterns
calculated on the basis of single crystal data for [H2PF]Cl2:2H,0 (PROFLC) (blue line) and PF-H,O (PROFLV)
(black line) as a reference.
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Figure SI-3. Comparison between calculated (black line) and experimental (red line) patterns for
anhydrous PF.

2 6/deg

Figure SI-4. Comparison between the calculated pattern for [HPF]2[ZnCls]-H20 (2) (black line) and the
experimental XRPD pattern of [HPF]2[ZnCls]-H20 as obtained from solution (red line).
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Figure SI-5. Comparison between the experimental XRPD pattern of ZnCI3(HPF) (1) obtained from solution
(red line) and the XRPD pattern of ZnCls(HPF) obtained from ball milling (blue line).
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Figure SI-6. Rietveld analysis plot of ZnCls(HPF) (1): In red the calculated pattern, in blue the
experimental one, and in grey the difference plot.
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CRYSTALLOGRAPHIC DATA

Table ESI-1. Crystal data and details of measurements (T = 298 K) for PF anhydrous,

[HPF]CI-2H,0, ZnCl5(HPF) (1) and [HPF]>[ZnCls]-H-0 (2).

Chemical formula
M, /g mol?
Crystal system
Space group
a/A
b/A
c/A
a/°
B/°
v/°
v/A3
2,7
d/ mgem?3
p/mm
Measd reflns
Indep refins
Reflns with 1 > 20(/)

Rint
R1 [P > 20(FY)]
wR(F?)
R wp
R_p
R_exp
XZ

PF anhydrous

Ci3H1iNs
209.25

Orthorhombic

P212:2;
5.9524 (6)
10.0773 (9)
17.1337 (14)
90
90
90
1027.75 (16)
4,1
1.352
0.08
3178
2005
893
0.046
0.071
0.223

[HPF]CI-2H,0

(C13H12N5*), CI°, 2H,0

281.74
Triclinic
P-1
7.5170 (5)
12.5737 (10)
15.5867 (10)
89.941 (6)
77.478 (5)
75.976 (6)
1393.23 (18)
4,2
1.343
0.28
9921
4882
2209
0.046
0.062
0.128

ZnCl3(HPF) (1)°

ZnCl5(C13H12N3")
382.00
Triclinic
P-1
12.1724 (1)
9.6326 (3)
6.7045 (1)
104.8578 (3)
104.4355 (1)
85.7581 (1)
735.81 (3)
2,1

0.0389
0.0308
0.0302
1.2921

[HPF]2+[ZnCls]-H0 (2)

2(C13H12N3+), (ZnCI42’), H,O

603.71
Triclinic
P-1
8.7727 (4)
10.1439 (5)
16.8688 (9)
100.796 (4)
93.143 (4)
112.422 (4)
1349.85 (12)
2,1
1.589
1.34
9389
4754
3296
0.037
0.064
0.103

Crystal data can be obtained free of charge from the Cambridge Crystallographic Data Centre

via https://www.ccdc.cam.ac.uk and have been allocated the accession numbers CCDC

2081498-2081501.
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TGA AND DSC DATA
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Figure SI-7. TGA trace for PF-H,0.
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Figure SI-9. DSC trace for PF-H,0 from 200°C to 300°C.
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Figure SI-10. TGA trace for ZnCI3(HPF) (1).
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Figure SI-11. DSC trace for ZnClIz(HPF) (1).
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2.2 Comparison of Antimicrobial and Antibiofilm Activity of Proflavine
Co-crystallized with Silver, Copper, Zinc, and Gallium Salts

Abstract

Here, we exploit our mechanochemical synthesis for co-crystallization of an organic
antiseptic, proflavine, with metal-based antimicrobials (silver, copper, zinc, and gallium).
Our previous studies have looked for general antimicrobial activity for the co-crystals:
proflavine-AgNOs, proflavine:-CuCl, ZnCls[Proflavinium], [Proflavinium],[ZnCls]-H.0, and
[Proflavinium]s[Ga(oxalate)s]-4H,0. Here, we explore and compare more precisely the
bacteriostatic (minimal inhibitory concentrations) and antibiofilm (prevention of cell
attachment and propagation) activities of the co-crystals. For this, we choose three
prominent “ESKAPE” bacterial pathogens of Pseudomonas aeruginosa, Escherichia coli,
and Staphylococcus aureus. The antimicrobial behavior of the co-crystals was compared
to that of the separate components of the polycrystalline samples to ascertain whether
the proflavine-metal complex association in the solid state provided effective
antimicrobial performance. We were particularly interested to see if the co-crystals
were effective in preventing bacteria from initiating and propagating the biofilm mode
of growth, as this growth form provides high antimicrobial resistance properties. We
found that for the planktonic lifestyle of growth of the three bacterial strains, different
co-crystal formulations gave selectivity for best performance. For the biofilm state of
growth, we see that the silver proflavine co-crystal has the best overall antibiofilm
activity against all three organisms. However, other proflavine-metal co-crystals also
show practical antimicrobial efficacy against E. coli and S. aureus. While not all
proflavine-metal co-crystals demonstrated enhanced antimicrobial efficacy over their

constituents alone, all possessed acceptable antimicrobial properties while trapped in
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the co-crystal form. We also demonstrate that the metal-proflavine crystals retain
antimicrobial activity in storage. This work defines that co-crystallization of metal
compounds and organic antimicrobials has a potential role in the quest for
antimicrobials/antiseptics in the defence against bacteria in our antimicrobial resistance

era.

This paper can be found at https://dx.doi.org/10.1021/acsabm.2c00404
with the related supporting information file.

Reproduced with authorization.
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ABSTRACT: Here, we exploit our mechanochemical synthesis for / 7
co-crystallization of an organic antiseptic, proflavine, with metal-
based antimicrobials (silver, copper, zinc, and gallium). Our
previous studies have looked for general antimicrobial activity for
the co-crystals: proflavine-AgNO;, proflavine-CuCl,

ZnCl,[Proflavinium], [Proflavinium],[ZnCl,]-H,0, and Cu(ll)  Ga(lll
[Proflavinium];[Ga(oxalate);]-4H,0. Here, we explore and :

compare more precisely the bacteriostatic (minimal inhibitory @
concentrations) and antibiofilm (prevention of cell attachment and

propagation) activities of the co-crystals. For this, we choose three § e
prominent “ESKAPE” bacterial pathogens of Pseudomonas Ag(l) Zn(ll)
aeruginosa, Escherichia coli, and Staphylococcus aureus. The

antimicrobial behavior of the co-crystals was compared to that of

the separate components of the polycrystalline samples to ascertain whether the proflavine—metal complex association in the solid
state provided effective antimicrobial performance. We were particularly interested to see if the co-crystals were effective in
preventing bacteria from initiating and propagating the biofilm mode of growth, as this growth form provides high antimicrobial
resistance properties. We found that for the planktonic lifestyle of growth of the three bacterial strains, different co-crystal
formulations gave selectivity for best performance, For the biofilm state of growth, we see that the silver proflavine co-crystal has the
best overall antibiofilm activity against all three organisms. However, other proflavine—metal co-crystals also show practical
antimicrobial efficacy against E. coli and S. aureus. While not all proflavine—metal co-crystals demonstrated enhanced antimicrobial
efficacy over their constituents alone, all possessed acceptable antimicrobial properties while trapped in the co-crystal form. We also
demonstrate that the metal—proflavine crystals retain antimicrobial activity in storage. This work defines that co-crystallization of
metal compounds and organic antimicrobials has a potential role in the quest for antimicrobials/antiseptics in the defense against
bacteria in our antimicrobial resistance era.

KEYWORDS: antimicrobials, quaternary-ammonium compound, silver, copper, gallium, zinc, co-crystallization

B INTRODUCTION growth. However, it is now well appreciated that in nature,
The current state of the antibiotic resistance crisis puts bacteria predominantly appear in the form of aggregations or
pressure for more research toward the development of new and surface-attached communities—biofilms.” Biofilms are far less
novel antimicrobial agents, as we find ourselves in the susceptible to antibiotics, due to their extracellular matrix of
antimicrobial resistance (AMR) era.' The rates at which exopolysaccharides, proteins, nucleic acids, and other bio-
clinically and agriculturally relevant pathogens are gaining molecules such as metabolites, which are thought to generate a

resistance toward treatment with available antimicrobials are
outpacing the rates at which new antimicrobials arrive at the
market."” WHO now considers AMR the hidden pandemic,
claiming that we will see 10 million human deaths per year by
2050, which will be greater than those due to cancer. The
issues of the emerging crisis of antibiotic resistance and Received:  April 28, 2022

inadequate focus in bacterial susceptibility assessment call for Accepted:  August 4, 2022
re-evaluation of conventional approaches in antimicrobial Published: August 15, 2022
development. We also have the issue of the paradigm of

antibiotic research and development almost exclusively

focusing on the planktonic (free-swimming) form of microbial

barrier of penetration from the external environment.”
Additionally, there are remarkable changes in cellular
biochemistry and physiology, compared to the planktonic
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form.” Thus, biofilms provide a unique challenge in
antimicrobial formulation development.

Among the promising directions to address AMR are metal-
and metalloid-based antimicrobials (MBAs).> Unlike conven-
tional antibiotics, which tend to demonstrate target-specific
biochemical activities, metal ions and their related chemical
species are believed to have multiple biochemical targets within
the bacterial cell, providing multifactorial modes of action. As
recently reviewed in detail,” MBAs may cause protein damage
by direct redox chemistry of biomolecules and substitution of
the essential metals both in active and structural sites of
proteins. Some MBAs interfere with nutrient intake, damage
the cell membrane, and may lead to electron transport chain
(ETC) decoupling. MBAs may bind to nucleic acids leading to
differential regulation and/or mutations. Another MBA toxicity
factor is the generation of various reactive oxygen species
(ROS) that may be catalyzed directly by the metal or indirectly
(via ETC decoupling or [Fe—S] disruption), leading to further
cellular damage.

Although many metals have antimicrobial activities, those
that have shown strong potential and are in use include Ag(l),S
Cu(I1),° Zn(I1),” and Ga(III).” Ag(I) and Cu(II) are examples
of “soft” acids according to hard—soft acids and bases theory”
and a major part of their antibacterial activity depends on
interactions with “soft” bases (thiols) within the bacterial cell.
Cu(lI) and Cu(I) ions were shown to interact with thiol
groups, such as cysteine side chains and glutathione, interfering
with natural thiol biochemistry and depleting their ability to
act as antioxidants.'” Ag(I) and Cu(II) bind and/or oxidize
“soft” sulfur atoms and thus cause functional changes in
proteins, frequently inactivating them. [Fe—S] clusters are yet
another target,n’12 and destruction of [Fe—S] clusters by
replacing the Fe with the antimicrobial metal leads, first, to the
respective protein malfunction and, second, to the release of
highly Fenton-active Fe(II) ions leading to oxidative damage
by means of ROS production. As such, exposure to excessive
amounts of Ag(T) and Cu(1I) leads directly to the impairment
of [Fe—S] reactions in the ETC and indirectly to ROS
generation due to increased Fe activity. Zn(II) has been shown
to interfere with essential metal uptake, specifically Mn."?
Ag(1) is known to disrupt bacterial cell wall continuity in as yet
undefined mechanism.'* Cu(Il) can also interfere with
bacterial cell wall biosynthesis by inhibiting LD-transpepti-
dase.’® Ag(I) has also been shown to inhibit urease through
restricting key conformational changes.'® Antimicrobial activity
of the Ga(III) ion is based on its chemical similarity to Fe(III).
Ga(III) competes for Fe(III) transport systems, thus depleting
the bacterial Fe(III) supply. Ga(Ill) may also be incorporated
in metalloproteins instead of Fe(III); however, unlike Fe(III),
Ga(I1l) is not redox-active under physiological conditions."”

Using a combination of antimicrobials that affect a cell very
differently is an approach to combat AMR, as it reduces the
rate of resistance. The probability that mutations will occur in
a single cell within two different genes at the same time to
provide resistance to both antimicrobials is astronomically low.
An additional advantage of the combinatorial approach of any
two different antimicrobials is that one may obtain a greater
efficacy than would be expected from summing their effects up
and demonstrate synergistic outcomes. Previous work has
shown MBAs to have synergistic effects with some quaternary
cation compounds (QCCs) used as antiseptics.ls QCCs are a
class of molecules that possess a positively charged quaternary
atom, typically nitrogen, and less frequently arsenic or
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phosphorus. Amphiphilic members of the group demonstrate
antimicrobial activity due to their ability to be incorporated
into lipid bilayers and thus impair bacterial membrane
functions."” Planar QCC molecules can also be intercalated
between the nucleic acid bases and thus are genotoxic.

We have begun to use co-crystallization in our exploration to
mix metal-based antimicrobials with QCCs. We have chosen
proflavine (acridine-3,6-diamine), a notable example of planar
QCCs,” which has been used as a disinfectant since early in
the 20th century and has continued to find use as a topical
antimicrobial in 21st century. Its antimicrobial properties are
based on three principles: (i) photosensitizing the intercalated
region of DNA and causing frameshift mutations, (ii)
inhibition of DNA and RNA polymerases, thus interfering
with DNA replication and transcription, and (iii) affecting cell
membrane fluidity. The molecular diagrams of proflavine (PF)
and of its monoprotonated proflavinium cation (HPF*) are
shown in Scheme 1. The character of this QCC provided a
foundational compound for co-crystallization with metals for
proof of principle work.

Scheme 1. Neutral PF and Its Monoprotonated
Proflavinium Cation (HPF')

S S
P> @
HzN N NH,  HpN r~|1 NH,
H

Proflavine (PF) Proflavinium cation (HPF*)

There are several strategies that aim to mix organics with
metals to provide novel superior antimicrobial, anti-cancer, and
anti-fungal drugs and those for other purposes. Crystal
engineering, that is, the design, preparation, and character-
ization of multi-component systems based on supramolecular
interactions,”’ is now being actively exploited also to tackle the
problem of AMR. Crystal engineering approaches utilizing
metal—organic complexes and coordination networks can
enhance the delivery and pharmaceutical properties of both
the counterparts.

Examples of metals containing multi-component materials
are metal organic frameworks, metal—organic gels, incorpo-
ration of antimicrobial metals into nanopolymers, or metal-
based coordination polymers. An alternative to these
approaches is that of antimicrobial co-crystals, that is,
multicomponent solid materials whereby the antimicrobial
activity of metal ions could be used together with that of an
active organic molecule to enhance the physicochemical and
microbiological properties of the constituent compounds. The
focus of this approach is not on the properties of the individual
components, but rather on collective properties of the
extended supramolecular aggregates formed in the solid state
via non-covalent interactions such as hydrogen bonds and
coordination interactions.”” There is increasing literature on
applications of co-crystallization in the quest for new drugs or
as a means to rejuvenate old drugs.””** However, in most
cases, the focus of studies is on the changes in the physical
properties of the crystalline phase of the active ingredient
(solubility, dissolution rate, thermal stability, etc.) imparted by
the association with an ancillary component and not on the
mechanism of action. We and others have concentrated our
efforts on exploring if the roles of the organic/inorganic
constituents may be enabling, enhancing, or inhibiting the

https://doi.org/10.1021/acsabm.2c00404
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respective antimicrobial activities. This is the case of metal salts
of Lauric acid®® or a metabolite such as urea,26 or that of
enhancing the activity of an organic antiseptic.”” >’

In this study, we aim to quantify and compare the
antimicrobial properties of earlier reported co-crystals and
supramolecular complex/salts of PF and MBAs: I’F‘AgNO3,27
PE-CuCl,”” ZnCl,(HPF),”® [HPF],[ZnCl,]-H,0,”® and
[HPF],[Ga(ox);]-4H,0.* Characteristic antimicrobial con-
centrations of these crystals and their constituents were
established for inhibition of planktonic growth (minimum
inhibitory concentration, MIC) and biofilm growth (minimum
biofilm inhibitory concentration, MBIC) for three WHO
priority list pathogens.*” The Gram-negative bacteria Pseudo-
monas aeruginosa and Escherichia coli are listed as critical
priority pathogens and the Gram-positive Staphylococcus aureus
as high priority; all three are part of the concerning ESKAPE
list of pathogens.

B METHODS

Crystal Preparation. The compounds investi§ated in this study,
namely, PF-AgNQ,* PE-CuCl”’ ZnCl,(HPF),** [HPF],[ZnCl,]-
H,0,” and [HPE];[Ga(ox);]-4H,0,” have all been prepared and
fully characterized by solid state methods, as summarized in Table 1.

Table 1. Crystalline Materials Investigated in This Work

crystalline material synthetic method

PE-CuCl slurry/, gr'mding27
PF-AgNO, slurry/ grinding2 4
ZnCL(HPF) slurry/grinding™®

[HPF],[ZnCL,]-H,0 ¢

[HPF],[Ga(ox),)-4H,0

slm'r),'/grinding/solution2
slurry/grinding/ solution””

PF has been used in the co-crystallization processes either as neutral
PF-H,0 or as its hydrochloride salt [HPF]Cl,-H,0. All compounds
discussed herein were prepared by mechanochemical (grinding) or
slurry methods, that is, by direct mixing of solid PF-H,O or
[HPF]Cl,-H,0 with the inorganic salts, CuCl,, AgNOj, ZnCl,, as well
as with K;[Ga(ox);]. This approach yielded, in most cases, higher
purity target products with respect to conventional crystallization
from solution. Structural characterization for all materials was
conducted via single crystal and/or powder X-ray diffraction.

When single crystal structure information was obtained, corre-
spondence between the structure of the single crystal and that of the
bulk polycrystalline material was verified by comparing observed
powder patterns to those calculated based on single crystal data. The
preparation methods are briefly described below; however, the
interested reader is addressed to the original crystal engineering
papers (and their supplementary structural material) for more specific
details.

Figure 1 shows the structure of the PF copper(I) chloride co-
crystal, PF-CuCl. The crystal is formed by a 1-D polymer of CuCl
monomers and by the neutral PF molecules arranged in a herring-
bone fashion.

~ AN
— D2
HoN N NH, HoN N NH,
H

Proflavine (PF) Proflavinium cation (HPF*)

Figure 1. Relevant packing features in crystalline PF-CuCl, showing
the herring-bone arrangement of the PF molecules (a) and the 1D
(CuCl:+-CuCl-+), chains (b); H atoms omitted for clarity.
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The reaction of PF and AgNO,, both by slurry and grinding,
yielded the anhydrous solid PF-AgNO;.>” The reaction with ZnCl,
yielded two different products, depending on the preparation method
(grinding or slurry) and based on the Zn-PF stoichiometric ratio and
on the experimental conditions. The two materials contain the
(HPF*) cation and were characterized as the complex ZnCl,(HPF)
and the monohydrate supramolecular salt [HPFE],[ZnCl,]-H,0.%
The structures of the two compounds are compared in Figures 2 and

Figure 2. (a) Projection along the a-axis of crystalline ZnCl;(HPF),
showing the stackings of proflavinium ligands along the c-axis
direction. (b) Space-filling representation. H atoms omitted for

clarity.

Figure 3. (a) Projection down the crystallographic b-axis of crystalline
[HPF],[ZnCl,]-H,0, showing the herring-bone pattern of HPF'
cationic pairs. (b) Space-filling representation. Water oxygens in
blue; H atoms omitted for clarity.

3. In both materials, stacking of the proflavinium cations is observed.
The same interaction is present in the crystal structures of neutral PF
and of the hydrochloride salt [HPF]CI-,H,0.

Here, our study also comprises the co-crystals obtained by using as
a preformed building unit a gallium oxalate complex [Ga(ox);]*” in
order to prepare the tetrahydrate [HPF];[Ga(ox);]-4H,0.” The
structure of [HPF];[Ga(ox);]-4H,0 is shown in Figure 4. The
proflavinjum cations envelop the [Ga(ox);]*” anions forming
stackings of PF cations analogous to those observed in the neutral
co-crystals discussed above.

(a) (b)
Figure 4. Packing in crystalline [HPF];[Ga(ox),]-4H,0 viewed along
the crystallographic b-axs (a). Proflavinium cations envelop around
the [Ga(ox);]*~ anion (b). Oy in blue; H atoms omitted for clarity.

https://doi.org/10.1021/acsabm.2c00404
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Antimicrobial Testing; Strains and Growth Medium. P.
aeruginosa ATCC27853, S. aureus ATCC25923, and E. coli
ATCC25922 pathogen indicator strains were used in this study.
Lysogeny broth (LB) was prepared in distilled water with 10 g/L
NaCl (VWR International Co., Mississauga, Canada), § g/L yeast
extract (EMD Chemicals Inc., Darmstadt, Germany), and 10 g/L
tryptone (VWR Chemicals LLC, Solon, USA). The pH of the media
was not altered by the addition of any of the compounds used in the
antimicrobial testing.

Working Stocks. 24 mg/mL of stock solutions of metal salts or
suspensions/slurries of target co-crystals was prepared. Stocks were
prepared freshly and used within 24 h. No experiments were
performed to determine the speciation of released metals nor the
decomposition of the crystals in the complex microbial media during
the time course of the experiment. Crystal violet (CV) (VWR
Chemicals LLC, Solon, USA) was prepared with distilled water to
0.1% (w/v) stock for biofilm biomass assessment.

Inoculum. Frozen cultures were revived on LB agar plates
overnight at 37 °C, subsequently passaged on fresh LB agar, and
incubated overnight again. From the second passage of overnight
cultures, several colonies were picked using sterile cotton swab and
transferred to saline until the suspension reached McFarland 1.0
turbidity that approximately corresponds to the concentration of
colony forming units in the suspension of 3 X 10° CFU/mL. Bacterial
suspension then was diluted 30-fold in LB and used as inoculum for
minimum effective concentration assays.

Antimicrobial Assays. For all assays, the original metal salt and
the PF were assayed as comparator controls. The original studies” ™"
evaluated if the compounds worked additively or not, and as such,
experiments of adding the individual components of each co-crystal
into solution were not performed here, allowing us to focus on
comparing the co-crystals to each other. These earlier studies
provided the list of compounds for this study (Table 2). All

Table 2. Antimicrobials under Evaluation

compound number
AgNO, 1
CuCl, 2
ZnCl, 3
Ga(NO,), 4
Ki[Ga(ox);]-3H,0 5
K,[Gay(ox),(OH),]2H,0 6
PF 7
PF-AgNO; CC-1
PF-AgNO; (aged) CC-2
PF-CuCl CcC-3
PE-CuCl (aged) CC-4
ZnCly(HPF) CC-s
[HPF],[ZnCl,]-H,0 CcC-6
[HPF]y[Ga(ox)]-4H,0 cC7

antimicrobial assays were repeated with two to four biological
replicates from a fresh bacterial culture inoculated from the ATCC
stock. Each biological replicate also had three technical replicates
within a given experiment. Variation between trials is observed in
standard deviations. If no deviations are indicated, there was no
variation between experiments or replicates. AMR data are presented
(Figures S and 6) as log-2 scale as per the dilution series.

Note that in Table 2, compounds CC-1 and CC-2 are the same co-
crystal formulation, as well as CC-3 and CC-4. Samples CC-2 and
CC-3 were synthesized 3 years earlier (March 2019) and used for the
preliminary antimicrobial testing by disk diffusion.”” The samples
were stored in the lab at room temperature in the dark in a stoppered
vial.

Minimum Inhibitory Concentration. Classical broth dilution
assay”' was used to quantitate the antimicrobial activity serial two-
fold dilutions of compounds were prepared in LB broth in a standard
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microtiter plate, which thus had 8 sterility control wells (150 yL of
medium), 8 growth control wells (135 xL of medium), and 2
replicates of dilution series for different compound (total of 80 wells,
135 pL of medium/compound mixture). Growth and test wells were
inoculated with 15 yL of inoculum and incubated for 24 h (E. coli and
P. aeruginosa) or 48 h (S. aureus) under 37 °C and 150 rpm shaking.
Cultured plates were analyzed visually and by optical density at 600, ,,
and MICs were identified as the concentration of the compound in
the first well that has no turbidity increase and/or coloration change,
adjacent to the well with such changes present.

Minimal Biocidal Concentration. Ten microliters from each well
from the MIC determination plate was either spot-plated to solid
media or used to inoculate 150 pL of fresh media and incubated for
36 h at 37 °C. The lack of colony growth on solid media and/or no
growth as determined by an ODg,, measurement was defined as the
end point defining the MBC values, that is, MBC gives an impression
of bactericidal activity compared to MIC'’s suggestion of bacteriostatic
activity.

Minimum Biofilm Inhibition Concentration. Total biofilm
biomaterial was evaluated using the popular method of biomass
staining with CV detected with spectrophotometric analysis.** The
remaining liquid from the initial MIC plates was removed by inverting
the plate upside-down and shaking three times. Plates were then
rinsed twice by submerging into the distilled water. 170 uL of 0.1%
(w/v) CV solution was added into each well and left at room
temperature for 10 min. Then the CV solution was removed by
inverting the plate with subsequent double rinsing in distilled water by
submerging. After rinsing, plates were inverted and tapped on paper
towel five times to remove the remaining free dye solution. Plates
were then left at room temperature for 2 h for drying. The dye in each
well, which would be bound to microbial biofilm biomass, was
solubilized by adding 200 uL of acetic acid and mixed pipetting up
and down for 5 times. 150 yL of solubilized dye from each well was
then transferred to a new microtiter plate, and absorbance was
evaluated by a microtiter plate reader. MBICs were identified as the
concentration of the compound in the respective well of the initial
MIC plate that has no observable coloration increase in the MBIC
plate compared to sterility control, adjacent to a well in the MBIC
plate that has the same coloration or higher than that of a growth
control well. Although the rinsing step removed the co-crystal slurry, a
control experiment performed showed no spectroscopic modification

of the CV by trace co-crystals.

B RESULTS

The antimicrobial activity of all compounds is shown for P.
aeruginosa, E. coli, and S. aureus together in Figures 5 and 6.
The raw data numbers are available in Tables S1 (MIC), S2
(MBC), and S3 (MBIC). Evaluation of the antimicrobial
activity saw good reproducibility as seen by the absence of
standard deviation error bars for most of the compounds for
both MIC and MBIC endpoints of the biological replicants.
Note that to read these figures, the smaller bar height reflects
superior antimicrobial activity. This is highlighted by
compound 1 (AgNO,), which is known for its superior
antimicrobial activity and thus also a good comparator to
evaluate novel metal-based antimicrobials.

A cursory comparison of the antimicrobial data for the three
test bacteria highlights the remarkable difference in efficacy of
the same metal ions against these strains. Even the two Gram-
negative strains (P. aeruginosa and E. coli) show striking
differences in their susceptibility profiles.

Antimicrobial Efficacy. The MIC is an effective measure
of how bacteriostatic an antimicrobial agent is against
microbial growth in the free-swimming planktonic state. The
MIC data are seen in Figure 5. For these planktonic MIC data,
we see some compounds showing poor efficacy (4, 5, 6), yet
have improved efficacy in their co-crystal forms. For a

https://doi.org/10.1021/acsabm.2c00404
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Figure 5. Bacteriostatic MIC efficacy of the metal salt and PF starter compounds and their co-crystallization products. Bars with no visible errors
indicate that there was no variation in the values obtained between trials. Note y-axis scale is log-2.
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Figure 6. MBIC efficacy of the metal salt and PF starter compounds and their co-crystallization products. These values represent the ability of the
compounds to inhibit cell attachment and proliferation of biofilm biomass. Bars with no visible error bars indicate that there was no variation in the

values obtained between trials. Note the y-axis scale is log-2.

compound to be considered to have good antimicrobial
activity, one generally looks for MIC concentrations below
0.125 mg/mL. Overall, we see that the co-crystals gave MIC
values against all three organisms at or below this value, and in
many cases, there is greater bactericidal activity than the PF
alone (compound 7). Looking at the data of P. aeruginosa, we
see the potential of the gallium compounds (5, 6) acting
specifically to this strain and for our co-crystallization products
CC-6 and CC-7 also showing superior performance.
ZnCL(HPF) (CC-5) MIC was at least 2-fold lower than
that of PF (7) and more than 10-fold lower than that of Zn**
alone (3). [HPF],[ZnCl,]-H,0 (CC-6) had stronger anti-
planktonic properties against this strain—at least 4-fold,
compared to PF, and more than 60-fold, compared to Zn*'.
The PF-CuCl (CC-3) co-crystal had 2-fold and 10-fold
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decreased MIC, compared to PF and Cu®" alone, respectively.
[HPF],[Ga(ox),]-4H,0 (CC-7), although presenting a range
of MIC values (large error bar), was at least 2 times more
effective than Ks[Ga(o0x);]-3H,O (6) or PF (7) alone.

For E. coli and S. aureus, we see that all the co-crystallization
products provided good bacteriostatic activities being below
the 0.125 mg/mL cut off except for CC-3 against S. aureus.
Certainly E. coli appeared the most susceptible in the
planktonic state to the silver co-crystals, with CC-1 showing
the lowest MIC values, and as such, the highest efficacy.
Although not as impressive, both CC-1 and CC-7 would be
quite effective to control growth of S. aureus.

Bactericidal activity as the minimal biocidal concentration
(MBC) at 100% kill was determined (Table S2). Biocidal assay
reflects the lack of ability of a microbe to recover and grow

https://doi.org/10.1021/acsabm.2c00404
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Figure 7. Comparison of efficacy from storage of co-crystals CC-1, CC-2, CC-3, and CC-4.

after the antimicrobial has been removed. All the co-crystal
compounds demonstrated biocidal properties. The MBC
values generally followed the same trend as the MIC values
for the various antimicrobials tested but at higher concen-
trations than those of MIC, which is typical, and were more
variable, particularly for the S. aureus strain.

Prevention of Biofilm. Here, we assayed the antimicrobial
plate for the ability of cells to attach to the surface to initiate
and proliferate a biofilm. Often the MBIC is expected to be
equal to the MIC values as seen with most antibiotics.
However, we have observed often for projects within the
Calgary Biofilm Research group that for many non-“antibiotic”
antimicrobials, antiseptics, and biocides, particularly those that
are bacterial static versus bactericidal, the MBIC can be quite
different from the MIC. Many bacteriostatic compounds still
allow slow growth, and bacteria can adsorb to a surface still
viable. This changes their physiology to biofilm state, and thus
they begin a biofilm growth cycle. Thus, in our case, we expect
and see MBIC > MIC or MBC.

The CV dye assay measures surface-adhered biomass (both
live and dead cells as well as the variety of biomolecules of the
biofilm matrix). Qur comparator control of silver nitrate (1)
showed strong biofilm inhibition as expected (Figure 6) and
reflects why this simple metal salt is so popular as an
antimicrobial.” The other metals on their own did not have
very good antibiofilm activity, but for each strain, we see
interesting second choices (based on a 0.25 mg/mL target)
such as ZnCl, (3) for S. aureus and E. coli and CuCl, (2) for E.
coli. The gallium oxalate chelates K;[Ga(ox);]-3H,0 (5) and
K,[Ga,(0x),(OH),]-2H,0 (6) only showed antimicrobial
activity against P. aeruginosa, supporting our previous
observations.””

P. aeruginosa is a robust biofilm-forming bacterial species,
and thus there is a need for novel antibiofilm compounds. Of
our tested antimicrobials, the PF-silver co-crystals (CC-1)
showed strong antibiofilm activity at useful concentrations and
this compound showed remarkable antibiofilm activity toward
S. aureus and E. coli. For E. coli, all the co-crystals were able to
prevent this organism from forming and proliferating a biofilm
below 0.065 mg/mL. S. aureus biofilm production was
effectively inhibited with the Zn co-crystal, CC-6. Although
the other PF-metal compounds showed efficacy within very
effective MBIC values below the 0.25 mg/mL cut off for both
S. aureus and E. coli.
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Effect on Extended Storage Time. Due to COVID-19
isolation restrictions, we paused working and stored co-crystal
samples of PF with silver (CC-2) and copper (CC-4), which
were used in our original pilot study published in 2020.”” The
compounds were at room temperature and ~35% relative
humidity (on average) in a covered container away from direct
light exposure. This fortuitous event allowed us to revisit these
older samples in our present study and evaluate them besides
freshly prepared co-crystals of the same compounds (CC-1
and CC-3) Figure 7. The only observable difference was that
the aged compounds had an overall larger grain size by 2—4
times, which may have originated by using a different grinding
apparatus in the earlier preparations. We observed only minor
changes in antimicrobial efficacy between the fresh and aged
co-crystals, suggesting that they are very stable to room
temperature storage conditions.

B DISCUSSION

This study explores novel antimicrobial formulation efficacies
against these pathogens by means of co-crystallization of
potential metal atom-based antimicrobials (MBAs) with PF.
Co-crystallization of pharmaceuticals is a growing research field
that harvests the change of physicochemical properties of the
co-crystal, compared to properties of single compound crystals
as reviewed in detail elsewhere.*® Briefly, co-crystallization has
been shown to increase solubility, photo and mechanical
stability, as well as bioavailability.” As a part of the whole
combinatorial approach in dealing with antibiotic resistance
development, which was proposed more than 30 years ago, co-
crystallization of antimicrobials is viewed by us as a viable way
of combining antimicrobials which have different modes of
action into a single drug complex. Such a combination would
deliver both antimicrobials with the possibility for increased
antimicrobial efficacy, compared to the single antimicrobials
used to produce it.

MBAs were used to treat microbial infections and preserve
food well before discovery of conventional antibiotics.** MBAs,
including metals, metal salts, and metal complexes, are viewed
as a viable alternative to antibiotics.” QCCs are well known
antimicrobial agents and are currently used as antiseptics,
biocides, and preservatives.35 PF and proflavinium cation, as an
example of a ridged planar QCC, is of our interest due to its
previous use. We see co-crystallization of MBAs with QCCs as
a unique area of combinatorial antimicrobials, and it provides

https://doi.org/10.1021/acsabm.2c00404
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an excellent test case for further antimicrobial co-crystallization
development.

In our previous works, we described the co-crystalline
materials of PF with the MBAs of Ag, Cu, Zn, and Ga,
exploring their antimicrobial properties by means of disk
diffusion assays. The disk diffusion assay, however, does not
provide quantitative data regarding antimicrobial properties of
the compound, which is required for adequate assessment and
further development of any antimicrobial agent. Thus, in the
present study, we provide quantification of anti-planktonic and
anti-biofilm efficacy of those compounds in a direct
comparison to each other. We evaluated the standard approach
of determining the MIC required for inhibition of planktonic
growth of bacteria (bacteriostatic effect). Growing awareness
of the dramatic difference in physiology and biochemistry
between planktonic and biofilm mode of bacterial growth and a
realization of the prevalence of biofilm in biofouling, infection
spread, and chronic infections*® led us to also evaluate the anti-
biofilm activity (MIBC) of all crystalline materials. Both the
spread of infection and infection itself are tightly associated

27-29

with biofilms, as bacteria tend to form biofilms on inanimate
surfaces that serve as hotspots of institutional and nosocomial
infection transfer.”” Thus, our study here is a crucial initial step
that compares the potential of co-crystals of antimicrobial
efficacy of metal ions with a QCC antiseptic. Below, we briefly
overview strategies against the three bacterial species studied
here providing literature examples of other organo-metal
complexes as comparators to the co-crystal results we present
here.

Co-crystallization Products’ Antimicrobial Activity
against P. aeruginosa. Studies have been performed using
silver against either planktonic and biofilm growth of P.
aeruginosa, demonstrating good antimicrobial and antifouling
properties.”® However, besides economic burden caused by
high price of silver, there are other factors that limit its
practical use in free ionic form, such as low photostability and
possible precipitation in the form of AgCl or Ag-thiol group
aggregates under physiological conditions.*” To address the
issue of silver’s bioavailability and stability, multiple approaches
have been proposed, such as stabilized speciation and/or
complexation of silver with organic ligands. Copper, similar to
silver, is a coinage metal and was used since ancient times to
preserve water and treat infectious diseases.'” Zinc ions were
shown to interfere with P. aeruginosa biofilm formation and
inhibit planktonic growth of the bacterium."’ Gallium is
attracting attention as an antimicrobial agent,”* with forms of
gallium-containing drugs currently being discussed with regard
to P. aeruginosa treatment, such as gallium complexes with
organic molecules, such as acetate*’ or desferrioxamin.**

Co-crystallization of silver with PF in our work reflected
MIC values between those of PF and AgNO; individually.
Biofilm prevention properties of these two co-crystals (CC-1
and CC-2) were at the level of AgNO; (1). It is worth noting
that the molar presence of silver in co-crystal is half that for the
dosage provided by 1. This suggests that the physicochemical
properties of the Ag-PF co-crystal enhance the Ag efficacy and
thus provide an advantage in the use of the silver-PF co-crystals
over AgNOj; alone. Our studies demonstrated decrease in MIC
with PF-CuCl co-crystals (CC-3) compared to PF (7) or
CuCl, (2) alone. Antibiofilm properties of (CC-3) were on the
same order as that of (7) or (2), suggesting no advantage of
the crystal form. However, CC-4 did not lose any efficacy with
storage over 3 years, whereas PF was unstable when stored in a
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similar fashion. This suggests that the co-crystal of PF-CuCl
could be useful for applications against P. aeruginosa requiring
longevity or shelf-life stability.

Our approach also demonstrated impressive results where
the Zn-PF co-crystals had lower MICs of PF or ZnCl, alone for
P. aeruginosa. Promising data were also obtained regarding
ZnCl;(HPF) anti-biofilm properties—2-fold decrease in
MBIC, compared to PF alone. Gallium, as an effective
bacteriostatic agent, is also recently receiving attention in
various organometallic complexes. Here, we see that the Ga-
oxalate ligand complexes § and 6 showed selective
antimicrobial activity toward P. aeruginosa compared to the
other two strains. The co-crystal CC-7 retained antibiofilm
properties to the level of Ga(NO;), (4).

Co-crystallization Products’ Antimicrobial Activity
against E. coli. Like P. aeruginosa, silver is the most studied
and widely applied antimicrobial metal against E. coli. Dozens
of patents were assigned over 2lst century,® yet silver
resistance is now widespread including resistance to the
nanoparticle form.** Following the combinatorial narrative,
silver—sulfodiazine combination is used in clinic settings for
various microbes including E. coli."® Copper has also been
shown to increase efficacy of several organic compounds
against E. coli, including lactic acid"” and chloro-catechols.*
Although on its own Zn is less antimicrobial to E. coli
compared to silver or copper, Zn** is being explored in
combinations with other therapeutics, in part due to its
immunostimulant properties and its ability to reverse E. coli
resistance to amikacin,”’ for example.

PF-silver co-crystals (CC-1/2) demonstrated good bacter-
iostatic results against planktonic growth of E. coli, where they
remained as effective as AgNO; (1) or averaged between MICs
of 1 and 7. Antibiofilm properties of CC1/2 provided equal or
better efficacy level of the constituents. Here, we also see the
same trend for the copper-PF co-crystals (CC3/4) in both
bacteriostatic and antibiofilm properties toward E. coli. This
trend continues with the two different zinc—PF complexes
(CC-5 and CC-6) and the gallium co-crystal (CC-7), where
higher bacteriostatic activity was observed over the metal salts
(3 and 4) or Ga- oxalate chelates (5 and 6) alone. The Cu, Zn,
and Ga PF co-crystals showed anti-biofilm properties with
efficacy comparable to or better than PF (7) alone for E. coli. It
is worth reiterating that the molar presence of metal and/or PF
in the co-crystal is considerably smaller than that of these
compounds on their own, which implies that the same or
better antimicrobial activity is seen when using less of each
antimicrobial. At this stage, we cannot define this observation
to be synergistic or additive.

Co-crystallization Products’ Antimicrobial Activity
against S. aureus. Generally, silver has been shown to
demonstrate only moderate activity against S. aureus, although
the silver—sulfodiazine combination is reasonably active
against S. aureus biofilms.*° Multiple attempts have been
made to increase its antimicrobial properties against Gram-
positive bacteria, including complexation with carbene
compounds”' or coordination with camphorimines.”> Consid-
erable attention has also been dedicated to anti-Staphylococcal
research of copper compounds. High-throughput screening of
copper complexation with organic molecules yielded several
active bis(thiosemicarbazone)—Cu complexes, including spe-
cific copper-dependent as glyoxal-bis(N4-methylthiosemicar-
bazone) (GTSM)-Cu as an anti-MRSA complex.ﬂ Cu-Schiff
base complexes were also studied for interactions with oxacillin
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and vancomycin and were shown to be additive/synergistic.
[Cu(bitpy),](ClO,), was demonstrated to possess S. aureus
anti-biofilm properties.”* Zn is the MBA that is receiving the
most attention regarding S. aureus treatment. Multiple
complexes of Zn(II) with heterocgrf:lic ligands were regorted
to have antimicrobial activity.”® Phthalocyanine®® and
menthol—phthalocyanine®” complexes with Zn(11) are viewed
as a viable photo-assisted solution to S. aureus infection. Like
copper, zinc Schiff-bases complexes such as (N-allylsalicylide-
neiminato)-zinc are reported to be twice as effective as zinc
acetate alone.*® The Ga(IIll) complex with maltolate® was
reported to show anti-planktonic properties against S. aureus,
while recent success of galbofloxacin, a ciprofloxacin-
containing gallium compound, demonstrates success of a
combinational apé)roach to gallium-bearing drugs development
against S. aureus.”’

In our studies, bacteriostatic properties against S. aureus
were observed from all co-crystallization products. Beyond the
silver co-crystals (CC-1/2) having good antibiofilm properties,
the zinc co-crystal (CC-6) has excellent antibiofilm activity,
even though its bacteriostatic activity is less effective. This
gives another example of the co-crystalline structure showing
selective antimicrobial efficacy, but in this case in antibiofilm
properties.

Overall, at this time, it is not clear if the co-crystal activity
mechanism is simply a delivery platform for the two different
antimicrobials or it is that features of their structures mediate
bacterial cell structure and physiology damage as well. Our
previous work®* > suggested that the co-crystals are more
than simply the additive eflicacy of the components and as a
co-crystal are enhancing the interaction with the bacteria or
perhaps and facilitating a localized “burst” of combined
antimicrobials. It is well known that the toxicity of a metal is
in its speciation. Given the chemical complexity of the
microbial growth media and the bacterium’s biochemistry,
one can imagine an overwhelming diversity and complexity of
different metal species and chelates in the biological soup.
With this in mind, we can postulate further that our crystalline
materials are able to deliver, at least initially, a unique and/or
uniform metal species to the bacterium cell.

B CONCLUSIONS

It is well appreciated in toxicology that a metal’s chemical
speciation influences its bioavailability, and as such, the metal
organic co-crystal provides a unique speciation that warranted
the antimicrobial investigation here. We find that all metal-PF
co-crystals explored here have merit as antimicrobials.
Although the best broad-spectrum antibiofilm compound is
the silver-based CC-1, we identified other effective co-crystals
for each species and growth state that could also move forward
for specific bacterial problem situations. We find that select co-
crystals are required for best results against each bacterium and
growth state. We observe that no single metal-PF co-crystal
works equally well against all three bacterial species. This is not
too much of a surprise, given the dramatic difference in
physiology between the strains and growth states. While not all
metal-PF co-crystals demonstrated enhanced antimicrobial
efficacy over one or both of their constituents, their
compounds did not lose their antimicrobial properties while
trapped in the crystal form. This is an excellent observation,
and it clearly shows that co-crystallization of MBAs with an
antiseptic QCC (PF) does not affect the activity of individual
antimicrobials and potentially protects them within the co-
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crystal. How the antimicrobial activity might be related to
changes in thermodynamic solubility or kinetic dissolution
rate, at least for some of the best performing co-crystals, will
require further studies, and how co-crystallization may be
further used to fine-tune physicochemical properties of metal—
organic antimicrobial combinations must be explored. This
work gives a solid proof of principle to apply these co-crystals
to specific applications such as in cosmetics, biofouling,

agriculture, general antiseptic, disinfectant, coatings, and so
forth.
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Table S1: Minimal Inhibitory Concentrations (mg/mL)

Antimicrobial agent Compound code aeruZ;'nosa E. coli S. aureus
AgNO3 1 0.01 0.01 0.01
CuCl; 2 0.56 £ 0.27 0.38 1.5
ZnCl; 3 0.75 0.28 £0.13 0.09
Ga(NOs)s 4 0.13 + 0.06 3.13 1.56
Ks[Ga(ox)s]-3Hz0 5 0.09 12 12
K2[Gaz(0x)2(OH)2]-2H,0 6 0.05 12 12
PF 7 0.14 £ 0.07 0.09 0.375
PF-AgNOs CC-1 0.05 0.01 0.07 £0.03
PF-CuCl CC-3 0.05 0.07 £0.03 0.19
ZnCls[HPF] cc-5 0.05 0.05 0.09
[HPF]2[ZnCl4]-H.0 cC-6 0.01 0.05 0.09
[HPF]s[Ga(ox)s]-4H,0 cc-7 0.02 + 0.02 0.05 0.06 + 0.03
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Table S2. Minimal biocidal concentrations (mg/mL)

Antimicrobial agent COT(E)(;):nd aeruZ;'nosa E. coli S. aureus
AgNOs3 1 0.05 0.01 0.05+0.02
CuCl; 2 0.75 0.03+0.02 6.25+1.5
ZnCl; 3 1.5 1.25+0.75 0.56 £ 0.27
Ga(NOs)s 4 1.5 6.25 6.25+1.5
Ks[Ga(ox)s]3H.0 5 1.5+0.25 12 12
K2[Ga2(0x)2(OH)2]-2H,0 6 N/D N/D N/D
PF 7 0.75 0.56 £ 0.27 1.25+0.75
PF-AgNO3 CC-1 0.05 0.01 0.56 £ 0.27
PF-CuCl CC-3 0.56 +0.27 0.13+0.05 1.25+0.75
ZnCl3[HPF] CC-5 1.5 0.56+0.27 | 0.56+0.27
[HPF]2[ZnCl4]-H20 CC-6 1.25+0.75 | 0.56+0.27 | 0.56+0.27
[HPF]s[Ga(ox)s]-4H.0 cc-7 0.75 0.28+0.13 | 0.56 +0.27

N/D. not determined.
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Table $3: Minimal Biofilm Inhibition Concentrations (mg/mL).

P.

Antimicrobial agent Compound code aeruginosa E. coli S. aureus
AgNOs3 1 0.01 0.01 0.01
CuCl; 2 0.56 £ 0.27 0.28 £0.13 1.5
ZnCl; 3 0.75 0.28 +0.13 0.09
Ga(NOs)3 4 0.2 0.78 6.25
Ks[Ga(ox)s]-3H.0 5 0.09 12 12
K2[Gaz(0x)2(OH):]-2H.0 6 0.19 12 12
PF 7 0.75 0.05+0.04 | 0.03+0.02
PF-AgNOs cc-1 0.05 0.01 0.01
PF-CucCl CC-3 0.38 0.05+0.04 0.19
ZnCl3[HPF] CC-5 0.38 0.05+0.04 0.09
[HPF]2[ZnCl4]-H20 CC-6 0.38 0.03 £0.02 0.01
[HPF)3[Ga(ox)3]-4H20 cc-7 0.28+0.16 | 0.035+0.02 | 0.13 +0.05
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2.3 Mechanochemical preparation, solid-state characterization, and
antimicrobial performance of copper and silver nitrate coordination
polymers with L-and DL-arginine and histidine.

Abstract

The antimicrobial activity of the novel coordination polymers obtained by co-
crystallizing the amino acids arginine or histidine, as both enantiopure L and racemic DL
forms, with the salts Cu(NOs), and AgNOs has been investigated to explore the effect of
chirality in the cases of enantiopure and racemic forms. The compounds were prepared
by mechanochemical, slurry and solution methods and characterized by X-ray single-
crystal, powder diffraction and, in the cases of the silver compounds, by solid-state
NMR* spectroscopy. The activity against bacterial pathogens Pseudomonas aeruginosa,
Escherichia coli, and Staphylococcus aureus was assessed by carrying out disk diffusion

assays on lysogeny agar media.

This paper can be found at https://doi.org/10.3390/ijms24065180
with the related supporting information file.

Reproduced with authorization.

*The solid-state NMR experiments were carried out at the University of Torino in collaboration

with the group of Prof. Roberto Gobetto (see authors list).
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Abstract: The antimicrobial activity of the novel coordination polymers obtained by co-crystallizing
the amino acids arginine or histidine, as both enantiopure L and racemic DL forms, with the salts
Cu(NO3)2 and AgNO3 has been investigated to explore the effect of chirality in the cases of enan-
tiopure and racemic forms. The compounds [Cu-AA-(NO3)zJcps and [Ag-AA-NOs]cps (AA = L-Arg,
DL-Arg, L-His, DL-His) were prepared by mechanochemical, slurry, and solution methods and
characterized by X-ray single-crystal and powder diffraction in the cases of the copper coordina-
tion polymers, and by powder diffraction and by solid-state NMR spectroscopy in the cases of
the silver compounds. The two pairs of coordination polymers, [Cu-L-Arg:-(NO3)2-H>O]cp and
[Cu:-DL-Arg:(NO3)2-HO]cp, and [Cu-L-Hys-(NO3)z-H2O]cp and [Cu-DL-His-(NO3)z-H2O]cp, have
been shown to be isostructural in spite of the different chirality of the amino acid ligands. A similar
structural analogy could be established for the silver complexes on the basis of SSNMR. The activity
against the bacterial pathogens Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus was
assessed by carrying out disk diffusion assays on lysogeny agar media showing that, while there
is no significant effect arising from the use of enantiopure or chiral amino acids, the coordination
polymers exert an appreciable antimicrobial activity comparable, when not superior, to that of the
metal salts alone.

Keywords: antimicrobials; coordination polymers; crystal engineering; co-crystallization; silver;
copper; amino acids; mechanochemistry

1. Introduction

The overuse of antimicrobials during the last half-century is the primary cause of the
development of antimicrobial resistance in pathogenic and opportunistic microorganisms,
which has become one of the most important challenges in pharmacology and modern
medicine [1,2]. Since metal-based antimicrobials have the potential for new sustainable
solutions for health [3,4], progress has been made in the area of molecular inorganic-
organic hybrid compounds [5,6]. Indeed, the coordination of organic ligands with metals,
showing antibacterial activities, has proved to be a valid route to tackle antimicrobial
resistance (AMR) [7-9]. Attention has been focused on the design of new bioactive metal-
organic frameworks (bioMOFs) [10,11], coordination polymers [12,13], salts [14-16], and
complexes [17,18]. These materials are engineered in order to combine a bactericidal metal
center with bioactive ligands or with ancillary ligands selected from the GRAS (generally
recognized as safe) list [19].

In this work, we extend the quest for novel antimicrobials to the investigation of a
series of novel coordination polymers of copper nitrate and silver nitrate with the amino

Int. J. Mol. Sci. 2023, 24, 5180. https: / /doi.org/10.3390 /ijms24065180

https://www.mdpi.com/journal/ijms
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acids arginine and histidine, reacted as both enantiopure L and racemic DL forms. Hereafter,
we elaborate on the reasons for choosing these metals and the amino acids as ligands.

The coinage metals copper and silver have a history of medicinal use through antiquity.
It is worth recalling that silver is presently widely used in wound dressings and medical
devices because it exerts broad-spectrum antimicrobial activity against Gram-positive
and -negative bacteria, viruses, fungi, and protozoa [20,21], while copper is an esteemed
antimicrobial agent and has long been used for its medical properties [22,23]. Nowadays,
copper is widely studied in different forms and formulations for the antimicrobial treatment
of surfaces [24,25] and on medical devices and implants [26,27]. We can find various
examples of copper used in its metallic state [28-30], in a nanoparticle form [31], and as
a coordination compound or ionic co-crystal [32-34]. The mechanism of action of silver
and copper, although not fully established, consists of the disruption of cell membranes,
enzymes, and nucleic acids, and interfering with cell division, inducing an oxidative
stress response involving endogenous ROS (reactive oxygen species), thus leading to cell
death [35-41].

Even though one does not regularly associate amino acids with antimicrobial proper-
ties, many antimicrobials are built upon amino acid scaffolds or incorporate amino acids
into their structures [42]. Additionally, some studies have shown antimicrobial activity
in particular forms [43]. Arginine is also a key building block of antimicrobial peptide
structures and performs best in a polymeric configuration [44]. Histidine also acts as an
antimicrobial in peptides, but requires a lower pH in order to be sure that the imidazole side
chain holds a positive charge [45]. A report of efficacy against Helicobacter pylori suggests
that its major mechanism of antimicrobial activity is the inhibition of cell wall synthesis [46].

Many examples of complexes and coordination compounds with silver and other
metals (zinc, copper) [32,33,47,48] showing antimicrobial activity are available in the lit-
erature that have basic amino acids (arginine, histidine) as ligands [49-51] or compounds
with N-protonated functionalities (imidazole, guanidine) [52-54]. In 2015, the structure
of a coordination polymer with silver nitrate and the amino acid L-arginine (IWOFUX
[Ag-L-Arg-NOs5:0.5HO]cp [55]) was reported, showing a remarkable activity against two
Gram-negative bacteria (E. coli, P. aeruginosa). Moderate activity was observed against
molds (A. niger, P. citrinum) and some activity was observed for the yeasts C. albicans, S.
cerevisine, although it was not significant [51]. The structure of a silver nitrate complex
with L-histidine in its zwitterionic form was also described in 2012 (TIGHEY [Ag-bis(L-
His)-NO3-0.5H;O]cp [56]) while discussing a pH-dependent and selective behavior of
amino acids coordinating silver ions.

Here, we extend on our theme of combining antimicrobial metals with organic
molecules in coordination polymers. In this case, we also took the opportunity to use
both enantiopure and racemic forms of the amino acids with the aim of ascertaining
whether the bacteriostatic activity could show differences attributable to chirality. All
coordination polymers as bulk materials were investigated in terms of antimicrobial ac-
tivity by the standard Kirby-Bauer disk diffusion zone of inhibition assay [57] against
Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus. It can be anticipated, but
vide infra, that, while no significant difference could be detected in terms of antimicrobial
behavior between enantiopure and racemic products, all compounds are active against
these bacterial strains. Moreover, this study has enabled us to find a remarkable structural
analogy between enantiopure and racemic coordination polymers, which will be discussed
hereafter.

2. Results and Discussion

Mechanochemical and solution methods (see below) were applied to prepare a family
of compounds, which, as will be explained below, are all characterized by the assembly of
the metals and of the amino acid ligands in coordination polymers. The chemical formulae
and the corresponding abbreviated names are listed in Table 1.
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Table 1. List of the coordination polymers prepared and discussed in this work, with the respective
adopted abbreviations.

[Cu-AA-(NO3)2lcps Abbreviation [Ag-AA-NO3zlcps Abbreviation
[Cu-L-Arg:(NO3),-HyOlcp L-Arg-Cu [Ag-L-Arg-NO3-0.5H;Olcp [55] L-Arg-Ag
[Cu-DL-Arg-(NO3)2-H,Olcp DL-Arg-Cu [Ag-DL-Arg-NO3-0.5HO]cp DL-Arg-Ag
[Cu-L-His-(NO3)2-H2O]cp form I L-His-Cu form I [Ag-L-His-NOs]cp L-His-Ag
[Cu-L-His-(NOj3),-HyOlcp form I L-His-Cu form IT / /

[Cu-DL-His-(NO3),-H,Olcp DL-His-Cu [Ag-DL-His-NOs]cp DL-His-Ag

/ / [Ag-bis(L-His)-NO;3-0.5H, O] cp [56] L-Hisy-Ag

/ / [Ag:bis(DL-His)-NO3-0.5H,0]cp DL-His,-Ag

The copper coordination polymers were all characterized by single-crystal X-ray
diffraction, whereas, in the silver cases, due to the difficulty in growing suitable single crys-
tals, the structural characterization was based on a combination of X-ray powder diffraction
(XRPD) and solid-state NMR (SSNMR) spectroscopy experiments. SSNMR is known to
be highly complementary to diffraction methods, providing insight into the structural
and dynamic features of solid materials. Its multinuclear approach, i.e., the possibility of
probing the local environment of several NMR-active nuclei, is one of the main strengths of
the technique. For instance, 1>*C CPMAS spectra can give information about the purity and
the degree of crystallinity of a sample, as well as the number of independent molecules
in the unit cell. Moreover, the chemical shift of carboxylic moieties is quite sensitive to
the protonation state of the acid group, or to the involvement of the carboxyl in the for-
mation of hydrogen bonds, allowing for the distinction between salts and co-crystals [58].
Multinuclear SSNMR measurements have been carried out on the silver compounds listed
above, as well as on the previously reported silver coordination polymers IWOFUX ([Ag-L-
Arg-NO3-0.5H,O]cp) [55] and TIGHEY ([Ag-bis(L-His)-NO3-0.5H,O]cp) [56].

2.1. Structures of Enantiopure and Racemic [Cu-AA-(NO3)s]cps

As pointed out in the introduction and discussed later in this manuscript, one of the
purposes of this work was to establish whether the enantiopure and racemic derivatives
would show a different or similar antimicrobial activity when tested against the same
bacteria strains (vide infra). However, hereafter, we focus on the remarkable structural
analogies between the two pairs of compounds. All of the compounds are coordination
polymers in which the amino acid molecules act as bridging ligands between the metal
atoms. Because of the structural similarity between the arginine and histidine compounds,
it is convenient to begin with a discussion of the structures of the two pairs of copper
coordination polymers, namely, the arginine compounds L-Arg-Cu and DL-Arg-Cu and
the histidine compounds L-His-Cu and DL-His-Cu. These compounds were obtained by
reacting copper nitrate with the L-enantiomer and the DL racemic mixture of arginine
and histidine, respectively. The coordination polymers consist of amino acid moieties
(in zwitterionic form) bridging consecutive copper atoms. Both histidine and arginine
link metals by a bidentate-chelating Cu—N(-CHRC)O—Cu unit on one side, and by a
coordination O—Cu bond on the other side. In such a way, each copper atom formally
receives three electron pairs from each amino acid molecule, fulfilling a distorted octahedral
coordination via two interactions with nitrate ions and with one water molecule. The close
resemblance between the resulting enantiopure and racemic chains in both the arginine and
histidine compounds is remarkable, even more so because the same feature is shared by
both the histidine and the arginine compounds. However, in the enantiopure polymers, the
bridging ligands obviously have the same chirality, while in the racemic polymers, L and D
enantiomers neatly alternate in the structure, but in such a way that the polymers always
show an “enantiopure side”. In other words, in the DL polymers, L and D enantiomers
occupy opposite sites along the chains.

The polymeric chains in L-Arg-Cu and DL-Arg-Cu are compared in Figure 1, while
those of the histidine compounds L-His-Cu and DL-His-Cu are compared in Figure 2.
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Figure 1. Polymeric chains in L-Arg-Cu (left) and DL-Arg-Cu (right). Note the remarkable structural
similarity, with all arginine ligands having the same chirality on the left and alternate chirality on the
right. Hydrogens omitted for clarity.

or000
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Figure 2. Polymeric chains in L-His-Cu form II (left) and DL-His-Cu (right). As in the case of
arginine (Figure 1), the coordination polymers are structurally very similar despite the different
chirality. Hydrogens omitted for clarity.

In the L-arginine case, the compound obtained from ball milling and from slurry show
different diffraction patterns, i.e., different compounds were obtained, which calls for an
explanation. While ball milling generates the 1:1 L-arginine—copper compound for which
single crystals were also obtained, the slurry procedure yielded a compound with a powder
pattern corresponding to the structure of the 2:1 derivative LAHNOX [59] for which a
calculated pattern could be obtained from the data available in the Cambridge Structural
Database (CSD). The four patterns are compared in Figure 3a. No such difference was
otherwise observed when reacting DL-arginine. Figure 3b compares the powder diffraction
calculated based on the single-crystal structure of DL-Arg-Cu with those measured on the
sample obtained from slurry and from ball milling.

-

i) -

5 10 15 20 25 30 35 40 10 15 20 25 30 35 40
20/ deg 20/ deg

(a) (b)

Figure 3. (a) From bottom to top: calculated pattern from single-crystal data of L-Arg-Cu (in red);
powder pattern from ball milling experiment (in black); powder pattern from slurry experiment
resulting in the more stable 2:1 product LAHNOX (in gray) and calculated pattern of LAHNOX [59]
from database (in orange).; (b) From bottom to top: calculated pattern from single-crystal data of
DL-Arg-Cu (in red); powder pattern from ball milling experiment (in blue) and from slurry (in gray).

N y
| |
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The result in the case of L-His-Cu also deserves a closer look, since the crystallization
product corresponding to the structure depicted in Figure 2 appears to be unstable with
respect to a polymorphic transition upon manual grinding. After grinding, the powder
pattern of the L-His-Cu compound closely resembles that calculated for the DL-His-Cu
compound (Figure 4). It seems reasonable to conclude that the two polymorphs (I and II)
of L-His-Cu are structurally very similar, with form I being the more stable phase.

T T T T T T 1
5 10 15 20 25 30 35: 40
20/ deg

Figure 4. XRPD of ball-milling product of L-His-Cu (in black); calculated pattern from SCXRD of
DL-His-Cu (in orange); XRPD of ball-milling product of DL-His-Cu synthesis (in gray).

2.2. Structures of Enantiopure and Racemic [Ag-AA-NOs]cps

As pointed out in the Introduction, because of the paucity of structural information
obtained from diffraction, we recurred to SSNMR spectroscopy to characterize the silver
compounds. *C, °N, and 'H are usually the nuclei of choice to detect the presence of
hydrogen bonds and evaluate their strengths, as well as to ascertain whether a protonic
transfer has occurred, i.e., whether a salt has formed [60]. Specifically, in the case of 15N
SSNMR spectra, the resonance frequency of nitrogen nuclei is significantly influenced by
their partaking in protonic transfer or in the formation of hydrogen bonds. For example,
the chemical shift of aliphatic nitrogen atoms increases by up to 20 ppm in the case of
protonation; for an aromatic nitrogen, the change in chemical shift upon salification is much
more pronounced, with a decrease of up to 120 ppm. In general, the entity of the change in
the chemical shift of the signal of interest is related to the position of the proton along the
hydrogen bond axis (i.e., it is less pronounced if the protonic transfer was not complete
and a simple hydrogen bond was formed) [60]. Even in the case of metal coordination
by a nitrogen-based moiety, the 15N SSNMR chemical shift proves highly informative:
both aliphatic and aromatic nitrogen atoms are shielded upon donation of their lone pairs,
yielding lower chemical shifts for their signals in the complex [61,62].

13C and '°N CPMAS analyses were performed in the cases of L-His-Ag, DL-His-Ag,
L-His,-Ag [56], and DL-Hisy-Ag. The full 1*C and >N CPMAS SSNMR spectra of the
coordination polymers and the pure amino acids are reported in Figure S3A-D in the
Supplementary Materials; isotropic 1*C and >N SSNMR chemical shift values and Jagn
coupling constants for the pure amino acids and the obtained coordination polymers are
reported in Table S3ab, respectively, in the Supplementary Materials.

2.2.1. L-Arg-Ag and DL-Arg-Ag

Starting with the 13C CPMAS spectra (Figure 5), the first observation is that while
the spectrum of pure L-arginine (L-Arg) corresponds to that expected for the presence
of two molecules in its asymmetric unit, the presence of a single set of resonances in the
spectrum of L-Arg-Ag indicates that the coordination polymer only contains one amino
acid molecule in the asymmetric unit. The spectrum also indicates that the crystalline
powder of the obtained product corresponds to a pure compound of good crystallinity
(average full width at half maximum, FWHM = 93 Hz).
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— L-Arg
l — L-Arg-Ag
F ot o, P . . a0 B - L F 2. % &1
190 170 150 130 110 90 70 50 30 ppm
Figure 5. Overlay of the 13C CPMAS spectra of L-Arg:Ag (in black) and pure L-Arg (in red).

As for the 1°N analyses (Figure 6), the observation of the shift towards lower frequen-
cies of the « nitrogen signal (from 32.7 and 27.5 ppm in pure L-Arg to an average value of
23.0 ppm in L-Arg-Ag) and its splitting makes it possible to ascertain that the x-NH, group
of L-Arg is the one coordinating Ag.

— L-Arg
L-Arg-Ag

guanidinic nitrogens

Figure 6. Overlay of a detail of the 1N CPMAS spectra of L-Arg-Ag (in black) and pure L-Arg
(inred).

In Figure 7, the 1>C CPMAS spectra of DL-Arg-Ag and pure DL-arginine (DL-Arg)
are displayed. The overlay demonstrates that DL-Arg-Ag is a new pure and moderately
crystalline (average FWHM = 95 Hz) phase, different from the pure AA.

i} =23, M

190 170 150 130 110 90 70 50 30 ppm

Figure 7. Overlay of the 13C CPMAS spectra of DL-Arg-Ag (in blue) and pure DL-Arg (in red).

Interestingly, as can be observed from Figure 8, the Bc spectral features of DL-Arg-Ag
coincide with those of L-Arg-Ag; this suggests that the two CPs are isomorphous, which
may well be indicative of the formation of a conglomerate of crystals of L-Arg-Ag and of
D-Arg-Ag. Indeed, this agrees with a possible spontaneous resolution of the DL-Arg-Ag
racemic compound into crystals of L-Arg-Ag and of D-Arg-Ag, giving the same spectral
features as those of enantiopure L-Arg-Ag. This likeness would also apply to the X-ray
powder diffraction patterns.

—— DL-Arg-Ag
— L-Arg-Ag

e A O ) OO L U PO T A S TP
190 170 150 130 110 90 70 50 30 ppm
Figure 8. Overlay of the 13C CPMAS spectra of L-Arg-Ag (in black) and DL-Arg:Ag (in blue).

The comparison of the powder diffraction patterns measured on DL-Arg-Ag and on
L-Arg-Ag supports this hypothesis. As can be seen in Figure 9, the patterns coincide and
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correspond to the pattern calculated on the basis of the single-crystal structure of L-Arg-Ag,
for which data are available in the CSD.

5 1o 15 20 25 30 35 40
20/ deg

Figure 9. From bottom to top: calculated pattern from single-crystal data of INOFUX (L-Arg-Ag) in
red), experimental powder pattern of L-Arg-Ag (in black), and experimental powder pattern.
2.2.2. L-Arg-Ag and DL-Arg-Ag
As mentioned above, in the case of the L-histidine complexes for the sake of the

identification of the reaction products, it is necessary to consider the formation of both the
1:1 and 1:2 compounds, namely, L-His-Ag and L-His,-Ag. Figure 10 shows the comparison
between the '3C CPMAS spectra of L-His;-Ag and pure L-histidine (L-His). A pure
crystalline (average FWHM = 72 Hz) phase, different from the pure amino acid, was
obtained, characterized by the presence of two independent molecules of L-His in the unit
cell.

—— L-His

— L-His,"Ag

} T T T T T T T T T T T T T T T T T T T 1

190 170 150 130 110 90 70 50 30 ppm
Figure 10. Overlay of the 13C CPMAS spectra of L-His-Ag (in purple) and pure L-His (in red).

Figure 11 displays an overlay of the >N CPMAS spectrum of L-His,-Ag with that
of pure L-His. From the comparison, it is easy to notice how the a-NH;3* group of the
pure amino acid stays charged in the coordination polymer, with the aromatic § nitrogen
being the one that binds the silver nucleus. This is proved by the shift of its N signal
from 245.7 ppm in pure L-His to 211.6 and 208.5 ppm (isotropic values) in the coordination
polymer, for which the signals of both molecules of L-His are split by the 77/19Ag. 15N
J-coupling [61].

-N ¥
——— L-His obly
— LA
e 280 NH
: (\-N Ag- oN
A W

IIIIIII|lIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIII

350 300 250 200 150 100 50 ppm

Figure 11. Overlay of a detail of the 15N CPMAS spectra of L-His,-Ag (in purple) and pure L-His
(inred).

Regarding L-His-Ag, Figure 12 shows a comparison of its 1*C spectrum and that of
pure L-His, as for the case of L-Hisy- Ag above. As can be easily observed, the sharp signals
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in the spectrum of L-His-Ag fall at different chemical shifts than those of the pure amino
acid. Nonetheless, very broad shoulders at the base of said peaks clearly indicate the
presence of consistent amounts of amorphous material. Moreover, the weak resonances at
about 20, 60, and 80 ppm can be ascribed to impurities, possibly coming from the solvents
used for the synthesis. All of this confirms the sample to be quite unstable, which made the
acquisition of the 15N CPMAS spectrum of L-His-Ag unfeasible.

— L-His
— L-His‘Ag

g o 7 & 0 & §F & LT 3 & 41 — & 1
190 170 150 130 110 90 70 50 30 ppm

Figure 12. Overlay of the 13C CPMAS spectra of L-His- Ag (in black) and pure L-His (in red).

As for DL-histidine (DL-His), two pure different crystalline phases were obtained,
namely, DL-His-Ag and DL-His;-Ag. This can be visually assessed from Figure 13, which
displays their 1*C CPMAS spectra, together with that of pure DL-His.
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Figure 13. Overlay of the 13C CPMAS spectra of DL-His;-Ag (in green), DL-His-Ag (in blue), and
pure DL-His (in red).

As in the other cases, the main piece of information about the identity of the coordi-
nating N atom comes from a comparison of their >N CPMAS spectra (Figure 14).

—— DL-His )
——— DL-His‘Ag &-NH a-NH,
—— DL-His,"Ag

, Ag++5-N
NO, . ¥
T o I
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Figure 14. Overlay of a detail of the "N CPMAS spectra of DL-Hisy-Ag (in green), DL-His-Ag (in
blue), and pure DL-His (in red).

Indeed, in both coordination polymers, the § nitrogen is the one that binds Ag, as
witnessed by the chemical shifts of the corresponding signals, i.e., 207.3 ppm in DL-His-Ag
and 211.6/208.5 ppm in DL-His;-Ag, with respect to that of the same nitrogen in pure
DL-His (241.8 ppm). Moreover, in both spectra, the usual splitting of the resonances due to
the coordinating N site can be observed.

Once again, by comparing the '*C CPMAS spectra of L-Hisy-Ag and DL-His, Ag
(Figure 15), it is easy to notice that the two phases are isomorphous, as in the case of the
L/DL-Arg systems.
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Figure 15. Overlay of the 13C CPMAS spectra of L-His,-Ag (in purple) and DL-His,-Ag (in green).

The SSNMR information can thus be used to analyze the X-ray powder diffraction
patterns in comparison with the available data from single-crystal structure determination
retrieved from the CSD database. Figure 16a shows the calculated powder pattern on
L-His;-Ag (TIGHEY) [56] in comparison with the experimental XRPD pattern measure on
the product from the slurry synthetic procedure of L-His>-Ag (in black) and DL-His;-Ag
(in blue). The experimental XRPD patterns of the 1:1 compounds L-His-Ag and DL-His-Ag
are also compared (Figure 16b).

,.‘J_i U

Jw L\AJ ‘. |lt' J
5 10 15 20 25 30 35 40 5 fo 15 20 25 30 35 40
20/ deg 26/ deg
(a) (b)

Figure 16. (a) L-Hisy-Ag (TIGHEY) [56] calculated pattern from database (in red), experimental
XRPD pattern from slurry synthetic procedure of L-Hisy-Ag (in black), and DL-Hisy-Ag (in blue);
(b) experimental XRPD pattern from slurry of L-His-Ag (in black) and DL-His: Ag (in blue).

2.3. Antimicrobial Activity

The antimicrobial activity was evaluated using the established Kirby-Bauer disk
diffusion assay [57]. As expected, silver nitrate gave robust antimicrobial activity with
10-15 mm zones of growth inhibition on lysogeny agar media plates. Copper nitrate
provided slightly larger zones under these experimental conditions for E. coli and S. aureus.
Smaller zones of inhibition were observed for each of the tested amino acids, except for
L-Arg, where no inhibition was observed for the Gram-positive strain S. aureus. These data
are shown in Figure S4A in the Supplementary Materials as zones of inhibition normalized
to that of silver nitrate. Silver nitrate is a well-known antimicrobial agent and thus provides
a good comparator for this study as well as an internal control to deal with plate-to-plate
variation.

Figure 17A shows the normalized antimicrobial efficacy of silver nitrate and copper
nitrate in combination with arginine or histidine as their coordination polymers. As
a comparison, we performed direct mixing of the amino acid and the metal salt at a
1:1 ratio in order to determine whether the coordination polymer changed the antimicrobial
properties (Figure 17B). Generally, there is not a large difference between the amino acids
with metals presented as a combination versus a coordination polymer. Regardless, several
combinations are shown to have antimicrobial activity superior to silver nitrate, particularly
against P. aeruginosa. The variation between trials for all conditions was quite small at
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+/—0.05. Thus, for these figures, one is looking for the normalized value to be >1.05 for
superior antimicrobial activity and <0.95 for decreased activity, compared to silver nitrate.
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Figure 17. Antimicrobial activity. (A) Normalized antimicrobial activity from disk diffusion assay
on lysogeny agar media for the coordination polymers of the metal salts with the amino acids;
(B) mixture of the amino acid with the metal salt at 1:1 ratio. Values normalized to silver nitrate value
of 1.0. Values above 1.05 are more antimicrobial than silver nitrate alone.

In our past studies, mechanochemistry was employed to co-crystallize antimicrobial
metal salts with quaternary cation compound (QCC) antiseptics, such as proflavine [15,16].
In the present study, we replaced the QCC antiseptic with the biological cation compounds
of the amino acids arginine and histidine and investigated their crystal structures and
properties, as well as their antimicrobial activities to three different pathogen indicator
strains. The amino acids on their own have low-level antimicrobial activity compared
to silver (Figure S4A). However, from the literature, we may assume that a formulation
containing amino acids with side chains in their cationic state, and acting in a “polymeric”
structure type, can potentially exhibit antimicrobial activity similar to cationic antimicro-
bial peptides (CAPs). Since our compounds have a polymeric structure, they could be
considered molecular mimes of CAPs. However, overall, we observed similar activities for
when the metals and amino acids were simply mixed (Figure 17B). Although we do notice
a substantial enhancement of the activity for the arginine-metal coordination polymer, we
should consider that a similar structure of the coordination polymer may be produced
in solution, as the amino acids can generate a pseudo-molecular organic framework or
metallophore complex(es).

The effect of the difference of the amino acid enantiomer is that of repressing the
antimicrobial activity of the copper coordination polymer with arginine when in racemic
form. The same applies to Arg'Ag, but only for P. aeruginosa. A minor effect on the
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antimicrobial activity was observed on comparing the racemic and enantiopure amino
acid in the specific case of histidine coordination polymers with silver, particularly against
P. aeruginosa. Combining the highly antimicrobial metal salt of copper nitrate with these
amino acids reduces the antimicrobial activity. The simplest explanation for this is that
the amino acid ligands form stable interactions both in solution and in the coordination
polymer aggregate, thus diminishing the release of the metal ion and its bioavailability to
attack the microbial cell biochemistry. On the other hand, mixing silver nitrate with the
two amino acids led to superior antimicrobial activity against P. aeruginosa and S. aureus,
suggesting that the amino acid ligands aid in silver ion delivery to the bacteria cells or
enhance the amino acid cationic polymer character.

Further studies will tell whether the physicochemical nature of the co-crystal leads
to superior ‘drug-delivery’ features over the combination of the components. There is a
considerable need for biocompatible, eco-friendly, cost-effective antimicrobials with long
term stability /activity in food packaging, cosmetic preservatives, and corrosion/biofouling
control. It is in these areas that we envision possible applications of these and similar
co-crystal compounds.

3. Materials and Methods

All reagents and solvents used in this work were purchased from Merck (Sigma-
Aldrich) (Darmstadt, Germany) TCI Europe (Zwijndrecht, Belgium), or Fluorochem (Had-
field, UK) and then used without further purification.

3.1. Synthetic Procedures

All of the products were obtained using a 1:1 or 2:1 stoichiometry between the AA and
the metal salts AgNO; or Cu(NO3), -3H,O. All of the AAs were in their anhydrous form.

3.1.1. Synthesis from Slurry

[Cu-AA-(NO3);z]cps and [Ag-AA-NOs]cps were synthesized from slurry in ethanol
(0.5 mL) and water (0.5 mL) in a 1:1 stoichiometric ratio of the reactants. For each reactant,
1 mmol was used (mass quantities reported in Table 2) and the reaction was left to stir
at room temperature for 3 days in a 10 mL glass vial closed with a PE pressure plug. The
same procedure was applied for the synthesis of the 2:1 silver-coordination compounds, in
which 0.5 mmol of silver nitrate was used instead. The solid products were recovered and
analyzed after filtration and drying.

Table 2. Mass quantities of the materials used in the solid-state synthesis (expressed in mg).

L-Arginine DL-Arginine L-Histidine DL-Histidine AgNO; Cu(NO3),;-3H,0
mg 174.20 174.20 155.16 (1:1) 155.16 (1:1) 169.87 (1:1) 24155
mg data data 155.16 (2:1) 155.16 (2:1) 84.94 (2:1)

3.1.2. Synthesis from Ball Milling

All of the [Cu-AA-(NOj3);,]cps were synthesized mechanochemically using a Retsch
MM200 Mixer Mill (Verder Group, Haan, Germany), operated at a frequency of 25 Hz for
1h, with 5 mL agate jars and 2 agate balls of 5 mm diameter, using a 1:1 mixture of ethanol
and water (100 uL). The same methodology was also applied for the [Ag-AA-NOs]cps,
successfully obtaining L-Arg-Ag [55] and DL-Arg-Ag. For the [Ag-His-NO3]cps (L and DL),
the synthesis gave slightly crystalline powders with quasi-amorphous patterns (synthesis
scale 1 mmol, mass quantities as reported in Table 2). The products were left to dry out at
room temperature, collected from the jar, and analyzed with XRPD.

3.1.3. Synthesis from Solution

[Cu-AA-(NOs)2]cps were synthesized from a 1:1 solution of ethanol and water (1 mL)
and 0.25 mmol of reactants; the mass quantities are reported in Table 3. Crystals suitable
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for single-crystal X-ray analysis were collected 2 weeks after the slow evaporation of the
solvent mixture. All of the attempts to crystallize the [Ag-AA-NOs]cps series led to the
reduction of silver nitrate or to the obtainment of small sized crystals that were difficult to
collect and analyze.

Table 3. Mass quantities of the materials used in the solution-based synthesis (expressed in mg).

L-Arginine DL-Arginine L-Histidine DL-Histidine AgNO; Cu(NO3),-3H,0
mg 174.20 174.20 155.16 (1:1) 155.16 (1:1) 169.87 (1:1) 24155
mg data data 155.16 (2:1) 155.16 (2:1) 84.94 (2:1)

3.2. Solid-State Characterization
3.2.1. Single-Crystal X-ray Diffraction (SCXRD)

Structural data for [Cu-AA-(NOs);]cps were collected at room temperature with an Ox-
ford Diffraction X'Calibur diffractometer (Rigaku, Tokyo, Japan) equipped with a graphite
monochromator and a CCD detector. The unit cell parameters for all compounds discussed
herein are reported in Table S1 in the Supplementary Materials. The structures were solved
by the Intrinsic Phasing methods and refined by least squares methods against F? using
SHELXT-2016 and SHELXL-2018 [63,64] with the Olex2 [65] interface. Non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were added in calculated positions. The
software Mercury 2020.2.0 [66] was used to analyze and represent the crystal packing.
Crystal data can be obtained free of charge via www.ccdc.cam.ac.uk/conts /retrieving. html
(or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk). CCDC 2238350-2238353.

3.2.2. Powder X-ray Diffraction (XRPD)

Room-temperature powder X-ray diffraction patterns were collected on a PANalytical
X'Pert Pro automated diffractometer (was PHILIPS, now Malvern PANalytical-Spectris,
London, UK) equipped with an X'Celerator detector in Bragg-Brentano geometry, using Cu
K« radiation (A = 1.5418 A) without monochromator in the 3-40° 20 range (step size: 0.033%;
time/step: 20 s; Soller slit: 0.04 rad; anti-scatter slit: }/; divergence slit: /; 40 mA*40 kV).

3.2.3. Variable-Temperature X-ray Powder Diffraction (VT-XRPD)

X-ray powder diffractograms in the 3—40° 20 range were collected for L-His-Ag on a
PANalytical X'Pert Pro automated diffractometer (was PHILIPS, now Malvern PANalytical-
Spectris, London, UK) equipped with an X’Celerator detector and an Anton Paar TTK
450 system (Graz, Austria) for measurements at controlled temperature. Data were collected
in open air in Bragg-Brentano geometry using Cu K« radiation without a monochromator.

3.2 4. Differential Scanning Calorimetry (DSC)

DSC measurements were performed for all CPs with a Perkin—Elmer Diamond instru-
ment (Waltham, MA, USA). The samples (3-5 mg) were placed in sealed aluminum pans,
and heating was carried out at 5 °C min~'.

3.2.5. Thermogravimetric Analysis (TGA)

TGA measurements for all CPs were performed using a Perkin-Elmer TGA?7 instru-
ment (Waltham, MA, USA) in the temperature range 35-350/400 °C under an N, gas
flow, at a heating rate of 5 °C min~!. Data for DSC and TGA results are reported in the
Supplementary Materials, Table S2.

3.2.6. Solid-State NMR (SSNMR)

The solid-state 13C and >N CPMAS spectra were acquired with a Jeol (Tokyo, Japan)
ECZR 600 instrument, operating at 600.17, 150.91, and 60.81 MHz, respectively, for 1y,
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13C, and 15N nuclei. The powder samples were packed into a cylindrical zirconia rotor
witha 3.2 mm o.d. and a 60 puL volume. A certain amount of sample was collected from
each batch and used without further preparations to fill the rotor. The 3C CPMAS spectra
were acquired at room temperature, at a spinning speed of 20 kHz, using a ramp cross-
polarization pulse sequence with a 90° 'H pulse of 2.0 ps and a contact time of 3.5 ms.
An optimized recycle delay ranging from 1.1 to 29.7 s was used for a number of scans in
the 20-22,000 range, depending on the sample. The >N CPMAS spectra were acquired at
room temperature, at a spinning speed of 12 kHz, using a ramp cross-polarization pulse
sequence with a 90° 'H pulse of 2.0 us and a contact time of 0.5, 1 or 4 ms, depending
on the sample. An optimized recycle delay ranging from 1.1 to 29.7 s was used for a
number of scans in the 2000-80,000 range, depending on the sample. For every spectrum, a
two-pulse phase modulation (TPPM) decoupling scheme was used, with a radiofrequency
field of 108.5 kHz. The 13C chemical shift scale was calibrated through the carboxylic signal
of external standard glycine (at 176.5 ppm); the >N chemical shift scale was calibrated
through the signal of external standard glycine (at 33.4 ppm with reference to NH3).

3.3. Antimicrobial Activity
3.3.1. Strains and Growth Medium

Pseudomonas aeruginosa ATCC27853, Escherichia coli ATCC25922, and Staphylococcus
aureus indicator strains were used in this study. Lysogeny broth (LB) was prepared in
distilled water with 10 g/L NaCl (VWR International Co., Mississauga, ON, Canada), 5 g/L
yeast extract (EMD Chemicals Inc., Darmstadt, Germany), and 10 g/L tryptone (VWR
Chemicals LLC, Solon, OH, USA). The agar medium for the disk diffusion assays was
obtained by adding 15 g/L bacteriological agar (VWR International LLC, Solon, OH, USA)
to the above-mentioned LB. Frozen cultures were revived on LB agar plates overnight at
37 °C. Colonies were transferred to liquid LB using a sterile cotton swab and incubated
for 16 h at 37 °C and 150 rpm shaking, and this saturated culture was then used for the
inoculant for the disk diffusion assay.

3.3.2. Disk Diffusion Assay

In an aseptic environment, 150 uL of overnight culture was spread on LB agar plates
per each organism and left to dry at room temperature for 1 h. Then, 25 mg/mL stock solu-
tions or suspensions of CPs and initial compounds were prepared from powder. Controls
of initial compounds were prepared as mixtures by 1:1 mixing of the 25 mg/mL stocks
(i.e., 12.5 mg/mL final concentration of each compound). Kirby—Bauer blank disks were
placed into a vial with 300 uL of a solution or suspension of the compound(s) of interest
and left to soak for 30 min with mixing every 10 min by the inversion of the vial. The
disks were then transferred to the agar culture plates (total of two replicates per compound
per organism) and the plates were left in the incubator at 37 °C for 24 h, where the zone
of growth inhibition was measured. Three of these biological trials were performed. To
address plate-to-plate and trial variance, the average zone of inhibition measurement in
mm was normalized where the zone for disk containing silver nitrate (placed on every
plate) was defined as a zone of 1.0 in each biological replicate. Overall, the variance in this
approach is 0.05 normalized units. This then gives an effective break point for any value
>1.05 to have greater antimicrobial activity than the comparator of silver nitrate.

4. Conclusions

Solid formulations of metal complexes of active ingredients are being investigated for
antimicrobial applications, particularly in response to the increasing threat of antimicrobial
resistance. The co-crystallization of organic active molecules, such as active pharmaceutical
ingredients (APIs) or naturally occurring antimicrobials or inorganic metals and complexes,
has proved a fruitful way to access a great variety of new compounds, which may integrate
or replace existing antimicrobials experiencing resistance. As a part of our ongoing studies,
we have shown, for example, that proflavine co-crystals of metal complexes with silver,
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copper, zinc, and gallium can be used selectively for the best results against different
bacteria strains and growth states [67].

In this paper, we investigated a family of complexes obtained by the mechanochemical
and solution co-crystallization of copper and silver salts with the amino acids arginine and
histidine in both enantiopure and racemic forms. The goal of this work was manifold. First,
we aimed to explore the outcome of the co-crystallization of the metal salts silver nitrate
and copper nitrate with arginine and histidine, which resulted in the formation of novel
coordination polymers that required a combination of single-crystal and powder diffraction
as well as of solid-state NMR experiments for their characterization.

In terms of structures, the two pairs of copper coordination polymers, namely, the
arginine compounds L-Arg-Cu and DL-Arg-Cu and the histidine compounds L-His-Cu
and DL-His-Cu, have been found to show remarkable similarities. Not only do they form
isostructural coordination polymers, with the amino acid ligands bridging consecutive
copper atoms, but also show that, in the DL cases, amino acids of the same chirality occupy
the same side along the chains. As a consequence, the enantiopure and racemic coordination
polymers are basically isostructural. Multinuclear N and *C CPMAS solid-state NMR
spectroscopy also revealed the same structural relationship between the L- and DL-pairs of
the L/DL-Arg as well as of the L-His,-Ag and DL-His, -Ag systems.

We also evaluated the potential antibacterial activity of the resulting coordination
polymers against common bacterial strains. The consequence of using both the enantiopure
and the racemic amino acids in the formation of the coordination polymers was also
investigated, as it was the possible presence of any “chiral preference” in the interaction
of the enantiopure or racemic products with the bacteria. Even though chirality seems to
add nuances to the antibacterial capacity of the compounds, our primary observation is
that the amino acids arginine and histidine form coordination polymers with silver and
copper, which had a level of antimicrobial activity with primary differences depending
on the nature of the metal atom. Overall, this study lends further support to the idea
that co-crystallization, especially in solvent-free conditions, is a cheap and effective way
to explore the possibility of enhancing the properties of crystal formers, whether as a
combination of active organic molecules with other organic ones or with inorganic partners.
The mechanism of interactions of the coordination polymers with the bacteria membranes
remains to be fully understood and will be the subject of future work.
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CRYSTALLOGRAPHIC DATA

Table S1. Crystallographic table for data obtained from single-crystal XRD.

Chemical formula
M: /g mol?
Crystal system
Space group
a/A
b/A
c/A
a/°
B/°
v/°
v/A3
2,7
d/mgcm3
p/mm?
Measd reflns
Indep refins
Reflns with I > 2o(/)
Rint
R1[F?> 20(F)]

WR(F?)

L-Arg-Cu
CsH14NsOgCu-H20
379.79
Monoclinic
P2,
10.0142 (2)
10.7768 (2)
13.4634 (3)
90
100.950 (2)
90
1426.53 (5)
4,2
1.768
1.59
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0.026
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0.075

DL-Arg-Cu
CsH14N60OsCu-H-0
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Monoclinic
P21i/c
13.4092 (7)
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4,1
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80

L-His-Cu
CsHaNsOgCu-H20
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Monoclinic
P23
9.9964 (4)
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12.2937 (5)
90
97.009 (4)
90
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DL-His-Cu
CsH9NsOgCu-H20
360.74
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P21/c
12.9972 (12)
9.8254 (5)
10.0294 (8)
90
104.187 (8)
90
1241.72 (17)
4,1
1.930
1.82
9894
3018
2732
0.033
0.100
0.240



TGA AND DSC DATA

Table S2. TGA and DSC results.
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SOLID-STATE NMR
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Figure S3A. Top: 13C (150.9 MHz) CPMAS spectra of L-Arg-Ag and pure L-Arg, acquired at a spinning speed
of 20 kHz at room temperature; bottom: °N (60.8 MHz) CPMAS spectra of L-Arg-Ag and pure L-Arg,
acquired at a spinning speed of 12 kHz at room temperature.
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Figure S3B. Top: 13C (150.9 MHz) CPMAS spectra of DL-Arg-Ag and pure DL-Arg, acquired at a spinning
speed of 20 kHz at room temperature; bottom: *°N (60.8 MHz) CPMAS spectra of DL-Arg-Ag and pure DL-
Arg, acquired at a spinning speed of 12 kHz at room temperature.
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Figure S3C. Top: '3C (150.9 MHz) CPMAS spectra of L-His-Ag, L-His>-Ag and pure L-His, acquired at a
spinning speed of 20 kHz at room temperature; bottom: **N (60.8 MHz) CPMAS spectra of L-His>-Ag and
pure L-His, acquired at a spinning speed of 12 kHz at room temperature.
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Figure S3D. Top: *3C (150.9 MHz) CPMAS spectra of DL-His-Ag, DL-His>-Ag and pure DL-His, acquired at a
spinning speed of 20 kHz at room temperature; bottom: >N (60.8 MHz) CPMAS spectra of DL-His-Ag, DL-
His2-Ag and pure DL-His, acquired at a spinning speed of 12 kHz at room temperature.

Table S3a. 3C and >N SSNMR isotropic chemical shift values (in ppm) of the peaks observed in the CPMAS
spectra of the employed AAs.

L-Arg | DL-Arg | L-His | DL-His

13C SSNMR chemiical shift (ppm)
179.9 | 186.5 | 175.6 176.2
178.7 | 184.3 | 138.1 137.7
158.1 | 159.5 | 1354 1349
55.6 58.3 114.6 116.0
55.3 56.3 58.0 57.5
42.3 43.3 27.7 33.1
31.9 41.0
31.1 354
24.0 32.1
23.6 26.4

23.6

15N SSNMR chemical shift (ppm)
80.6 78.9 245.7 241.8
79.0 70.1 167.3 168.9
75.8 25.2 37.8 43.8
72.6
71.1
69.5
32.7
27.5
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Table S3b. 3C and >N SSNMR isotropic chemical shift values (in ppm) of the peaks observed in the CPMAS
spectra of the achieved coordination polymers. When observed, Jagn coupling constants (Hz) are reported
in parentheses as averaged values between Jiosagn and Jio7agn.

L-Arg-Ag DL-Arg-Ag L-His-Ag L-His>-Ag DL-His-Ag | DL-Hisa-Ag
13C SSNMR chemical shift (ppm)
178.7 178.7 178.3 178.1 175.9 178.1
158.3 158.3 139.2 175.4 143.5 175.4
56.7 56.6 119.8 140.6 133.6 140.6
45.9 45.9 55.9 137.4 118.3 137.5
36.8 36.8 30.3 134.1 56.3 134.0
20.2 20.2 132.5 294 1325
117.8 117.8
116.9 116.9
57.8 57.8
56.1 56.0
35.3 35.3
31.1 31.1
15N SSNMR chemical shift (ppm)
371.6 371.6 / 374.3 368.0 374.1
80.1 80.1 / 211.6 (91) | 207.3(73) | 211.6(83)
71.7 71.5 / 208.5 (96) 159.7 208.7 (83)
62.0 62.0 / 169.9 34.8 169.6
23.0 (70) 23.1 (59) 167.7 167.6
40.2 40.2
ANTIMICROBIAL ACTIVITY TESTS
Metal salts and amino acids on their own
14
1.2
1.0
08
06
04
0.2 I
0.0
Ag Cu L-Arg DL-Arg L-His DL-His
M P. ageruginosa E. coli S. aureus

Figure S4A. Normalized antimicrobial activity of compounds used in this study on their own as obtained
by disk diffusion experiments on lysogeny media agar media. Values normalized to silver nitrate value of
1.0. Values above 1.05 are more antimicrobial than silver. N = 3.
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Chapter 3 — Co-crystallization of antibacterial APIs with natural

antimicrobials

Co-crystals have become especially attractive in the pharmaceutical field, since they can
lead to new pharmaceutical formulations compared, for example, to conventional salts.*
Co-crystallization provides alternative routes to the synthesis of new materials and/or
to the enhancement of the properties of active molecules, including solubility,
dissolution rate, mechanical properties, hygroscopicity, physical stability and chemical
stability. 2 Pharmaceutical co-crystals composed of an Active Pharmaceutical Ingredient
(API) and a non-active ancillary co-former, selected from the Generally Recognized as
Safe (GRAS) list of substances, are being actively investigated by crystal engineers. It is
also possible to co-crystallize an APl with another API or active molecule, thus forming
a drug-drug (or co-drug) co-crystal.® The solid-state association of an antibacterial API
with a molecular co-former may also allow to explore new ways to enhance, in a
synergistic way, the antimicrobial performance.?

In the search of new sustainable and cost-effective response to the AMR issue, crystal
engineering intervenes with different strategies, respect to the common procedures
applied in the pharmaceutical industry. In this thesis chapter are reported the results
obtained applying crystal engineering tools, especially co-crystallization, to modify and
evaluate new antimicrobial properties to novel active antibacterial materials (co-
crystals), composed by a synthetic antibiotic and a natural product with antimicrobial

properties as co-former.
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3.1 Natural antimicrobials meet a synthetic antibiotic: carvacrol/thymol
and ciprofloxacin co-crystals as a promising solid-state route to
activity enhancement

Abstract

The antibiotic ciprofloxacin (CIP) zwitterion has been co-crystallized via slurry and/or
ball-milling with carvacrol (CAR) and thymol (THY), also known to exert antimicrobial
activity, with the aim of improving the antibacterial activity of ciprofloxacin. In the case
of CAR, the 1:4 cocrystal CIP-CARs appears to be the most stable phase, where the
intermediate phases CIP-CAR3 and CIP-CAR; have been isolated by stepwise loss of CAR.
In the case of THY, the 1:2 cocrystal CIP-THY; is the most stable, while the 1:4 cocrystal
CIP-THY4 easily loses THY to yield the bisadduct. All cocrystals were structurally
characterized by single crystal or powder diffraction: in both cocrystals sheets of CIP
molecules are intercalated with layers of CAR and THY, respectively, that can be released
stepwise upon heating as followed by DSC, TGA and variable temperature XRPD.
Preliminary antimicrobial experiments provide encouraging evidence of the enhanced
activity of the cocrystals CIP-CAR4 and CIP-THY; against Escherichia coli (ATCC 25922)
with respect to pure ciprofloxacin as well as to physical mixtures of ciprofloxacin with

carvacrol or thymol.

This paper can be found at https://dx.doi.org/10.1021/acs.cgd.0c00900
with the related supporting information file.

Reproduced with authorization.
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ABSTRACT: The antibiotic ciprofloxacin (CIP) zwitterion has
been cocrystallized via slurry and/or ball-milling with carvacrol
(CAR) and thymol (THY), also known to exert antimicrobial
activity, with the aim of improving the antibacterial activity of
ciprofloxacin. In the case of CAR, the 1:4 cocrystal CIP-CAR,
appears to be the most stable phase, where the intermediate phases
CIP-CAR; and CIP-CAR, have been isolated by stepwise loss of
CAR. In the case of THY, the 1:2 cocrystal CIP-THY, is the most
stable, while the 1:4 cocrystal CIP-THY, easily loses THY to yield
the bisadduct. All cocrystals were structurally characterized by single
crystal or powder diffraction: in both cocrystals sheets of CIP
molecules are intercalated with layers of CAR and THY, respectively,
that can be released stepwise upon heating as followed by DSC, TGA
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and variable temperature XRPD. Preliminary antimicrobial experiments provide encouraging evidence of the enhanced activity of the
cocrystals CIP-CAR, and CIP-THY, against Escherichia coli (ATCC 25922) with respect to pure ciprofloxacin as well as to physical

mixtures of ciprofloxacin with carvacrol or thymol.

Bl INTRODUCTION

Cocrystallization, an application of crystal engineering
principles,' ™ provides alternative routes to the synthesis of
new materials and/or to the enhancement of the properties of
active molecules. "' As a matter of fact, cocrystals are finding
applications in diverse areas: pharmaceuticals,'” *® a
chemistry, "~ high-energy materials,” ™ food,”* ¢ etc.
The basic idea is that the solid state association, via
noncovalent interactions, of an active ingredient with a
molecular component may alter in a useful way physicochem-
ical properties such as solubility, dissolution rate, thermal
stability, photoreactivity, etc. of the active ingredient.
Cocrystals have become especially attractive in the pharma-
ceutical field, since they can lead to new pharmaceutical
formulations compared, for example, to conventional salts.

This goal is usually pursued by cocrystallizing the API with a
nonactive (GRAS accepted”) molecule, as in molecular
cocrystals, or with a salt, as in ionic cocrystals.”® The large
choice of molecular and/or ionic building blocks makes the
number of possible combinations between active pharmaceut-
ical ingredients (APIs) and ancillary coformers virtually
limitless.

In more advanced applications, however, the API may also
be cocrystallized with another active ingredient, yielding a so-
called codrug,”*™** whereby not only are the solid state

© 2020 American Chemical Society
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physicochemical properties of the API altered with respect to
those of the pure crystal but also the pharmaceutical and
biological activity may give significantly different results.**~>°

In this paper, we apply cocrystallization strategies to
approach a problem of extraordinary contemporary impor-
tance, namely that of “antimicrobial resistance” (AMR). As a
matter of fact, the AMR phenomenon is one of the major
medical challenges in most healthcare systems, both in
developed countries and in low financial income areas.’”
AMR has increased dramatically in the recent years and
represents a global public health threat.’® A number of diseases
that were thought to be under control by the application of
antibacterial remedies are getting back being resistant to these
therapies. One of the main reasons for drugresistance in
microorganisms is the intensive overuse of treatments to
control infections in humans and animals as well as in the
agricultural sector.”® Actually, the reason AMR is a significant
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concern is the high mortality level attnbuted to infections
caused by multi drug resistant germs.*” A number of common
pathogenic strains are already bearing antibiotic-resistant
genes, and presumably, more antibiotic-resistant pathogens
will emerge in the future, if no different and more cautious use
of antimicrobials takes place.*'

To cope with the problem of AMR, two possible strategies
can be used: the first is the quest for novel active mgredlents,
but this is facing increasing bench-to-market costs and times;"
the second is the exploration of ways to improve the activity of
existing antibacterials, and it is more promising. In a recent
paper, we showed that cocrystallization of the antibacterial
agents proflavine and methyl viologen with the inorganic salts
CuCl, CuCl,, and AgNO; results in enhanced antimicrobial
activity with respect to the separate components.**

In this paper we report our results in the cocrystallization of
the known antibiotic ciprofloxacin (CIP hereafter) with the
natural antimicrobials carvacrol (CAR) and thymol (THY)
(see Scheme 1). At ambient conditions THY is a molecular

Scheme 1. Ciprofloxacin (CIP) Zwitterion and the Two
Antimicrobial Molecules, Carvacrol (CAR) and Thymol
(THY), Used as Coformers

Yoo
N N\)

o Ciprofloxacin (CIP)

> 0

Carvacrol (CAR) Thymol (THY)

solid (mp 51.5 °C),** while carvacrol is a liquid (mp 3.5 °C);**
therefore, crystalline solids containing ciprofloxacin and this
latter coformer should be strictly regarded as “pharmaceutical
solvates”.*>~*” However, as it will be apparent in the following,
the distinction between cocrystals and solvates is rather
semantic in the contest of this study and does not reflect
specific differences in physicochemical behaviors.
Ciprofloxacin (1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-
(1-piperazinyl)-3-quinoline carboxylic acid) is an antibiotic
belonging to the class of fluoroquinolones, which are effective
antibacterial agents against a broad spectrum of Gram-positive
and Gram-negative bacteria. Thymol [S-methyl-2-(propan-2-
yl)benzenol, also known as m-thymol] is a natural mono-
terpenoid phenol derivative of p-cymene, and it is the most
abundant component of the oil extracted from Thymus vulgaris
(thyme). Carvacrol [2-methyl-5-(propan-2-yl)benzenol, also
known as o-thymol], is present in the essential oils of Origanum
vulgare (oregano), thyme, pepperwort, and wild bergamot. The
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effective antibacterial properties of both essential oils have
been investigated in vitro and in vivo against diverse Gram-
negative and Gram-positive bacteria such as Salmonella
typhimurium, Escherichia coli, and Listeria monocytogenes. ™™
Both THY and CAR are generally used as natural preservatives
in food treatment and packaging.” *® They are both
components of “Thymi aetheroleum”, a herbal medicinal
product,’” and have been assigned the GRAS (generally
recognized as safe) status of flavor additives™® by FEMA.*
Recently cocrystals of thymol and carvacrol, among a number
of essential oils components, have been investigated for
agricultural applications.*

In the following, we describe preparation, solid state
characterization and thermal behavior of the two families of
ciprofloxacin cocrystals with carvacrol, CIP-CAR, (n =2, 3, 4)
and with thymol, CIP-THY,, (n = 2, 4). The effect of cocrystals
formation on the antibiotic activity of ciprofloxacin has also
been evaluated by means of standard antimicrobial tests in the
case of CIP-CAR, and CIP-THY, and compared with the
results for the pure components and their physical mixtures.
Preliminary results are encouraging, and they have prompted a
thorough antimicrobial investigation, which will be the subject
of a separate research project.

B EXPERIMENTAL PART

Materials and Instrumentation. All reagents and solvents used
in this work were purchased from Sigma-Aldrich and used without
further purification.

Synthesis of Ciprofloxacin Cocrystals with Carvacrol. C/P-
CAR,. CIP-CAR, was obtained by three different methods: solution,
mechanochemistry, and slurry. In the first one, ciprofloxacin (30 mg,
0.09 mmol) was dissolved in carvacrol (2 mL, 12.99 mmol), and upon
solvent evaporation single crystals were obtained after 2 weeks. In the
second one, 100 mg (0.30 mmol) of ciprofloxacin were manually
ground with 4—5 drops of carvacrol, added in a stepwise manner: the
powder was ground until dryness, and then an additional drop of CAR
was added. In the third method, ciprofloxacin was slurried for 60 h in
3 mL of ethanol with a slight excess of carvacrol with respect to the
CIP:CAR 1:4 stoichiometric ratio; after filtration, the solid material
was left to dry out at room temperature.

CIP-CAR;. CIP-CAR, was obtained in two steps starting from CIP-
CARy: first CIP-CAR, was heated to 80 °C in an oven and kept at this
temperature for 30 min; the sample was then cooled to 40 °C and
kept at this temperature for 4 h.

CIP-CAR,. CIP-CAR, was obtained in two steps starting from CIP-
CAR,: first CIP-CAR, was heated to 100 °C in an oven and kept at
this temperature for 30 min; the sample was then cooled to 40 °C and
kept at this temperature for 4 h.

All attempts to synthesize CIP-CAR, and CIP-CAR; by direct
mixing of the reactants in the correct stoichiometric ratios were
unsuccessful.

Synthesis of Ciprofloxacin Cocrystals with Thymol. CIP-
THY,. CIP-THY, was obtained mechanochemically by ball milling
ciprofloxacin (100 mg, 0.30 mmol) and thymol (90.7 mg, 0.60 mmol)
for 30 min in a Retsch MM200 ball miller, operated at a frequency of
20 Hz, in the presence of 2 drops (100 L) of ethanol.

CIP-THY,. A solid mixture of ciprofloxacin (30 mg, 0.09 mmol) and
thymol (150 mg, 1.00 mmol) was gently ground and subsequently
heated to 55 °C, to induce the melting of thymol (mp of §1.5 °C).*
Upon slow cooling the growth of single crystals was observed. CIP-
THY,, was also obtained via slurry: ciprofloxacin (100 mg, 0.30 mmol)
and excess thymol (272 mg, 1.80 mmol) were slurtied in 2 mL of
ethanol for 60 h in a closed vial; the vial was then opened, still under
slurry conditions, to allow the complete evaporation of ethanol.

Thermogravimetric Analysis (TGA). TGA measurements
(Figures SI-6 to SI-11) for all compounds were performed with a

https://dx.doi.org/10.1021/acs.cgd.0c00900
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PerkinElmer TGA?7 in the temperature range 30—400 °C, under an
N, gas flow, at the heating rate of 5 °C min™".

Differential Scanning Calorimetry (DSC). DSC measurements
(Figures SI-12 to SI-16) for all compounds were performed with a
Perkin—Elmer Diamond, at the heating rate of 5 °C min™". Samples
(3—5 mg) were placed in hermetic aluminum pans.

X-ray Powder Diffraction Measurements. Room temperature
X-ray powder diffraction (XRPD) patterns were collected on a
PANalytical X'Pert Pro automated diffractometer equipped with an
X'Celerator detector in Bragg—Brentano geometry, using Cu Ka
radiation (1 = 1.5418 A) without monochromator in the 3—40° 20
range (step size, 0.033°%; time/step, 20 s; Soller slit, 0.04 rad;
antiscatter slit, 1/2; divergence slit, 1/4; 40 mA X 40 kV). For
structure solution purposes, X-ray diffraction patterns were collected
on a PANalytical X'Pert Pro automated diffractometer with
transmission geometry equipped with a focusing mirror and Pixcel
detector, using Cu Kea radiation (4 1.5418 A) without
monochromator in the 26 range 3-70° (step size, 0.0130°%; time/
step, 170.595 s; Soller slit, 0.04 rad; antiscatter slit, 1/2; divergence
slit, 1/2; 40 kV X 40 mA). To improve the quality of the obtained
XRPD patterns, three repetitions were performed, and the scans were
merged. Data analyses were carried out using the PANalytical X'Pert
Highscore Plus program.®’

Structural Characterization from Powder Data. Powder
diffraction data were analyzed with the software PANalytical X'Pert
HighScore Plus. Fifteen peaks were chosen in the 26 range 3—40°,
and unit cell parameters were found using the DICVOL4 algorithm.
The structure of CIP-THY, was solved by simulated annealing,
performed with EXPO2014.%* Ten runs for simulated annealing trials
were set, and a cooling rate (defined as the ratio T,/T,.;) of 0.95 was
used. The best solution was chosen for Rietveld refinement, which
was performed with the software TOPAS 5.0.° The peak shape was
modeled for size and strain with the Gaussian and Lorentzian
functions present in TOPAS 5.0. All the hydrogen atoms were fixed in
calculated positions. Refinement converged with y* = 1.84 and R, =
6.51%. Rietveld refinement is shown in the Supporting Information
(Figure SI-1). Structural data for all compounds investigated in this
work are listed in Table SI-1.

Variable Temperature X-ray Diffraction. X-ray powder
diffractograms in the 3—40° 26 range were collected for CIP-CAR,
and CIP-THY, on a PANalytical X’'Pert PRO automated diffrac-
tometer, equipped with an X’Celerator detector and an Anton Paar
TTK 450 system for measurements at controlled temperature. Data
were collected in open air in Bragg—Brentano geometry using Cu Ka
radiation without a monochromator. Thermal programs were selected
on the basis of TGA results.

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction
data for CIP-CAR, and CIP-THY, were collected at room
temperature and at 250 K, respectively, with an Oxford Diffraction
X'Calibur equipped with a graphite monochromator and a CCD
detector. Unit cell parameters for all compounds discussed herein are
reported in Table SI-1. The structures were solved by the Intrinsic
Phasing methods and refined by least-squares methods against F*
using SHELXT-2016°* and SHELXL-2018% with Olex interface.®®
Non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were added in calculated positions. The software Mercury 4.1.2°7 was
used to analyze and represent the crystal packing. Crystal data can be
obtained free of charge via www.ccde.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk). CCDC 2010400—2010402.

Testing of Antimicrobial Activity. Antimicrobial activity was
tested with broth microdilution, according to the guidelines of the two
established organizations and committees on antimicrobial suscept-
ibility testing, the CLSI and EUCAST.®*~"" For comparison, testing
was conducted on suspensions of thymol, carvacrol, ciprofloxacin, and
both physical mixtures and cocrystals of CIP-THY, and CIP-CAR,, in
10 progressive concentrations ranging from 0.063 to 160 gg mL™". All
suspensions were tested in parallel, using both a reference strain of E.
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coli (ATCC 25922), which is susceptible to cti}proﬂoxacin, and a
ciprofloxacin-resistant E. coli strain (MIC > 32).

B RESULTS AND DISCUSSION

Cocrystals of Ciprofloxacin with Carvacrol. The
cocrystallization of ciprofloxacin with CAR resulted in the
formation of the cocrystal CIP-CAR,, characterized by a 1:4
stoichiometry. Figure 1a shows how the carboxylate group on

(e)

Figure 1. Hydrogen-bonding interactions between ciprofloxacin and
the carvacrol molecules in crystalline CIP-CAR, (a). The cipro-
floxacin molecules also interact with each other via hydrogen bonds;
they are arranged in nets (b) filled with a quarter of the CAR
molecules (c), thus forming parallel layers (d) alternating with thick
layers of CAR molecules (e). Heyy hydrogens were omitted for clarity.
Carbon atoms of CAR are given in orange.

ciprofloxacin interacts via hydrogen bonds with the —OH
group of two molecules of CAR, while the remaining two CAR
molecules in the formula unit form OH:--Ogyy hydrogen bonds
with other CAR molecules. Each ciprofloxacin molecules
interacts via NH*---Oggo- and COO™---HN* hydrogen bonds
with four neighboring ciprofloxacin molecules. Figure 1c shows
an interesting feature of the molecular packing in crystals of
CIP-CAR,, namely a layered structure: one layer is formed by
ciprofloxacin and two (referred by symmetry) CAR molecules,
while the second layer is exclusively formed by the remaining
three CAR molecules. This feature is of help in understanding
the thermal behavior of the cocrystal (see below), and it is
shared with the cocrystal of ciprofloxacin with THY.
Segregation of CAR and THY has also been observed in
cocrystals with acridine.”*

The study of the thermal behavior of CIP-CAR, via DSC
allows one to observe, on heating, the presence of multiple
endothermic events at 80, 92, and 109 °C (peak temperatures,

https://dx.doi.org/10.1021/acs.cgd.0c00900
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see Figure SI-7), followed by exothermic events. This is an
indication that CAR molecules are released stepwise from the
crystal, and each loss of CAR is immediately followed by
recrystallization to a cocrystal with different stoichiometry. The
last step corresponds to complete loss of CAR and
recrystallization of ciprofloxacin. The stepwise loss of CAR
from CIP-CAR, to CIP is summarized in Scheme 2.

Scheme 2. Solid-State Transformations upon Heating for
the 1:4 Cocrystals of Ciprofloxacin (CIP) Zwitterion with
Carvacrol (CAR) and Thymol (THY)”

' CIP-CAR,

80°C

\ 4

CIP-CAR, |

lgz °C

| CIP-CAR, |

l 109 °C

1

Carvacrol (CAR)

F
Ciprofloxacin (CIP)

T 137 °C

CIP-THY,

e

CIP-THY,

0

OH

Thymol (THY)

“Temperatures are from DSC measurements (peak values, see
Supporting Information).

The series of solid-to-solid transformations occurring upon
heating crystalline CIP-CAR, was also followed by variable
temperature X-ray powder diffraction (see Figure SI-3). The
temperatures at which the transformations occur from CIP-
CAR, to CIP-CAR,, then to CIP-CAR, and finally to CIP, are
in agreement (80, 100, and 110 °C, respectively) with the DSC
values. Thermal gravimetric analysis, on the contrary, is not as
informative (see Figure SI-13), and its trace shows a single,
broad event corresponding to the loss of all CAR molecules
per formula unit (weight loss ca. 63%) in the temperature
range 60—150 °C. This is attributable to the low volatility of
CAR, which leaves the crystal but does not evaporate from the
sample in the TGA experiment. VT-XRPD experiments
confirmed this observation: two samples of CIP-CAR, were
first converted into CIP-CAR,; and CIP-CAR,, respectively,
and then they were cooled to room temperature. In both cases,
partial reformation of CIP-CAR, could be observed; ie., excess
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of CAR was still available in the powder samples at the end of
the heating cycles.

The results of the VT-XRPD measurements were useful for
the preparation of the intermediate phases CIP-CAR, and CIP-
CAR; as pure materials. In both cases samples of CIP-CAR,
were heated to the transition temperatures (ca. 80 and 100 °C,
respectively) and kept at these temperatures for 30 min, to
allow for complete transformation; the samples were then
cooled to 40 °C and kept at this temperature for 3—4 h to
allow for complete evaporation of the excess CAR. TGA
measurements on these pure samples (see Figures SI-15 and
SI-16) allowed to confirm the CIP-CAR; and CIP-CAR,
stoichiometries. Once formed, all cocrystals of ciprofloxacin
with CAR are stable. Even after 50 days in the open air, no
change of crystalline phase was observed.

Cocrystals of Ciprofloxacin with Thymol. Thymol is a
solid at ambient conditions, but it melts at 51.5 °C.** For this
reason, the same cocrystallization approach used for
ciprofloxacin with CAR was applied here, and ciprofloxacin
was dissolved in excess melted THY (see Experimental Part).
Upon slow cooling of the mixture two types of single crystals
were recovered, and both were characterized via X-ray single
crystal diffraction. The first type of crystals turned out to be
pure THY, identified on the basis of CSD data (refcode
IPMEPL’?), while crystals of the second type were
characterized as the new cocrystal CIP-THY,. Data were
collected at 250 K, to avoid loss of THY during data collection.
In terms of crystal structure, CIP-THY, closely resembles CIP:
CAR,, as is evident from Figure 2.

Figure 2a shows how ciprofloxacin interacts via hydrogen
bonds with the —OH group of three molecules of THY, while
the remaining THY molecules in the formula unit form an
OH--Opy hydrogen bond with another THY molecule. As
observed in CIP-CAR,, each ciprofloxacin molecules interacts
via hydrogen bonds with four neighboring ciprofloxacin
molecules, thus forming a 2D-net (see Figure 2b) filled with
THY molecules (Figure 2c¢). The most relevant analogy,
however, is represented by the layered organization, as thick
layers of THY intercalate between the ciprofloxacin/THY
layers, as shown in Figures 2, part d and e.

Ciprofloxacin and THY were also made to mechanochemi-
cally react in 1:4 stoichiometric ratio in a ball milling
experiment, in the presence of two drops of ethanol. This
time, however, a new solid was obtained, characterized by a
powder diffraction pattern different from those of the starting
materials and of CIP-THY,, although peaks of unreacted THY
were still present. The synthesis via ball milling was thus
repeated with lower quantities of THY, and a pure phase was
obtained with the 1:2 stoichiometric ratio, as confirmed by
TGA (see Figure SI-14). The new cocrystal CIP-THY, was
structurally characterized from powder data (see Experimental
Part), since all attempts to grow single crystals were
unsuccessful. Figure 3a shows the hydrogen-bonding inter-
actions of ciprofloxacin with the two independent THY
molecules. As in CIP-THY, the CIP molecules form a 2D net
(Figure 3b), with ciprofloxacin molecules connected via
hydrogen bonds; parallel nets (Figure 3c) are intercalated
with THY molecules, which also partially enter the CIP layers
with the —OH groups (Figure 3d).

Pure CIP-THY, was also obtained by slurry in EtOH with an
excess of THY; the resulting solid was then left in the air for 72
h, for the excess of THY to sublimate. A DSC measurement on
CIP-THY, thus obtained (Figure SI-8) shows two endother-
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Figure 2. Hydrogen-bonding interactions between ciprofloxacin and
the thymol molecules in crystalline CIP-THY, (a). The ciprofloxacin
molecules also interact with each other via hydrogen bonds; they are
arranged in nets (b) filled with a quarter of the THY molecules (c),
thus forming parallel layers (d) alternating with thick layers of THY
molecules (e). Hey hydrogens were omitted for clarity. Carbon atoms
of THY are given in orange.

mic events, at ca. 69 °C and at 137 °C, respectively. VI-XRPD
experiments (Figure SI-S) confirmed that the first event
corresponds to the transformation of CIP-THY, into CIP-
THY,, while the second one leads to complete loss of THY.
The stepwise loss of THY and the thermal transformation of
CIP-THY,, first into CIP-THY, and then into CIP, are
summarized in Scheme 2.

Antimicrobial Activity. The antimicrobial activity of the
cocrystals CIP-CAR, and CIP-THY,, chosen because they
could easily be obtained mechanochemically as pure phases,
was compared with that of the pure components, as well as
with that of physical mixtures of CIP and CAR/THY in
adequate stoichiometric ratios, against a reference strain of E.
coli (ATCC 25922), which is susceptible to the ciprofloxacin
component. Pure samples of CIP-CAR, and CIP-THY,
obtained as described above were used.

Concerning strain ATCC 25922, ciprofloxacin showed
growth inhibition at 4 ug/mL, while THY and CAR were
not effective by themselves and did not show growth
inhibition. The physical mixtures of CIP and CAR and of
CIP and THY in 1:4 and 1:2 ratios, respectively, resulted in
growth inhibition at ca. 10 sg/mL, which, upon normalization,
approximately corresponds to the inhibition effect of pure
ciprofloxacin. Interestingly, both CIP-CAR, and CIP-THY,
cocrystals showed growth inhibition at ca. 2 pug/mL
concentration; normalizing these quantities on the base of
the cocrystals formula units, it can be seen that CIP-CAR, and
CIP-THY, are ca. 6 and 4 times more efficient, respectively,
with respect to pure ciprofloxacin.

B CONCLUSIONS

The study of cocrystals is at the forefront of crystal engineering
because it offers a viable route to prepare, often with
nonexpensive and environmentally friendly solvent free
(mechanochemical) methods, novel materials for a variety of
applications well beyond the pharmaceutical field. For instance,

Figure 3. Hydrogen-bonding interactions between ciprofloxacin and the thymol molecules in crystalline CIP-THY, (a). As in CIP-THY4, the CIP
molecules form 2D-nets (b and c), filled with the —OH extremities of the intercalated thymol layers (d). Hey hydrogens were omitted for clarity.

Carbon atoms of THY are given in orange.
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it has been amply shown that cocrystallization approaches can
be used to produce materials that can be used as fertilizers,
nutrients and enzyme inhibitors in the agrochemical field."” "
There are also indications that cocrystals could be used in an
area of increasing global importance, such as that of
antimicrobial resistance. In the case of proflavine, for example,
it has been possible to demonstrate that cocrystallization of
proflavine with CuCl and AgNOj; yield materials, namely PF-
CuCl and PF-AgNO; that appear to perform better in terms of
antimicrobial activity than proflavine and the inorganic salts,
separately. ™

In this paper, we have reported the preparation and
characterization of a series of cocrystals obtained by cocrystall-
izing by slurry and/or ball-milling the antibiotic ciprofloxacin
(CIP) with carvacrol (CAR) and thymol (THY), which are
also known to exert antibacterial activity. CIP forms
compounds in 1:4 ratio with both coformers. While CIP-:
CAR, is stable and loses CAR in stepwise manner upon
heating with formation of the phases CIP-CAR; and CIP-
CAR,, while CIP-THY, is unstable and loses THY
spontaneously at room temperature with formation of stable
CIP-THY,.

The idea was that of verifying whether cocrystallization of a
known antibiotic with herbal medicinal products could indeed
represent a viable route to improve the properties of
ciprofloxacin. Preliminary antimicrobial testing against a
reference strain of E. coli (ATCC 25922), susceptible to
ciprofloxacin, clearly indicated that cocrystals CIP-CAR, or
CIP-THY, have the comparable bacteriostatic activity, and that
this is significantly better than ciprofloxacin alone. If one takes
into account that THY and CAR appear to be not effective on
their own, or in physical mixture with ciprofloxacin, it appears
that association with ciprofloxacin in the cocrystals enhances
significantly its efficacy. These encouraging preliminary results
require an in depth systematic study, which is under way.
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CRYSTALLOGRAPHIC DATA

Table SI-1. Crystal data and details of measurements

CIP-CAR, CIP-THY, CIP-THY;
Formula C17H18FN303-4(C10H140) | Ci17H18FN303:4(C10H140) C17H18FN303-2(C10H140)
Fw (g mol?) 932.19 932.19 631.77
T/K 293 (2) 250 (2) 293 (2)
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2./c P2:/n P2:/n
2,7 4,1 4,1 4,1
a (i\) 17.2650 (12) 18.3044 (7) (1) 24.0906 (8)
b (A) 18.2944 (11) 13.1847 (9) (1) 13.7891 (5)
c (A) 18.0447 (10) 22.3769 (8) (1) 10.5350 (3)
a(°) 90.0 90.0 90.0
B (°) 107.480 (7) 99.509 (4) 91.068 (3)
v (%) 90.0 90.0 90.0
Vv (A3) 5436.3 (6) 5326.2 (5) 3498.98 (19)
Rup - - 0.065
R, - - 0.049
Rexp - - 0.036
X2 - - 1.84
d (mg cm3) 1.139 1.163 -
p (mm?) 0.08 0.08 -
Measd refins 23800 24732 -
Indep refins 12454 12361 -
Reflns [I > 20(l)] 5294 4119 -
Rint 0.035 0.072 -
R[F? > 20(F?)] 0.068 0.079 -
wR(F?) 0.178 0.159 -
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Rietveld refinement
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Figure SI-1. Rietveld analysis plot of CIP-THY,. Red line is the calculated diffractogram, blue line
is the observed diffractogram and grey line is the difference plot. Y-axis is reported as ﬁ
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X-RAY POWDER DIFFRACTION PATTERNS

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40

20 / deg

Figure SI-2. Comparison between the experimental (red) XRPD pattern of CIP-CAR4, as obtained
via kneading, and the pattern calculated (black) on the basis of single crystal data.
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Figure SI-3. VT-XRPD for CIP-CARs. (top left) Release of one CAR molecule and transformation of
CIP-CAR; (black line, RT) into CIP-CARs3 (red, 80 °C); (top right) release of a second CAR molecule
and transformation of CIP-CARs (red, 80 °C) into CIP-CAR; (blue, 100 °C); (bottom left) Complete
removal of CAR molecules from CIP-CAR; (blue, 100 °C) and recrystallization of pure CIP (green
110 °C); (bottom right) comparison of the experimental (green) pattern at 110 °C with the
calculated (purple) one for pure CIP (from refcode UHITOV).
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)

5 10 15 20 25 30 35 40
20 / deg
Figure SI-4. Comparison between the experimental (red), room temperature XRPD pattern of

CIP-THY,, as obtained via slurry, and the pattern calculated (black) on the basis of single crystal
data collected at 250K (differences in the peaks positions are due to the difference in data

collection temperatures).

iy

5 10 15 20 25 30 35 40
20/ deg
Figure SI-5. Variable temperature XRPD measurements for CIP-THY,. Upon heating, thymol is
released in two steps: the room temperature form (red) transforms into CIP-THY; (blue) at 70 °C,
and into pure CIP (black) above 135 °C.
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DSC AND TGA DATA
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Figure SI-7. DSC traces (the second expanded horizontally) for CIP-CAR,
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3.2 Inhibition of the antibiotic activity of cephalosporines by co-
crystallization with thymol

Abstract

Three structurally similar antibiotics of the cephalosporin (CEPH) class, namely,
cephalexin (CPX), cephradine (CFD), and cefaclor (CFC), have been co-crystallized with
thymol (THY) via different preparation techniques, yielding the hydrated co-crystals
CPX-THY-2.5H,0 form | and form I, CFD- THY-2.5H;0, and CFC-THY-4H,0. All co-crystals
were structurally characterized by single crystal and/or powder X-ray diffraction. In all
co-crystals, except in the case of the elusive metastable form | of CPX-THY-2.5H,0, the
CEPH molecules interact with thymol only via water bridges; i.e., there is no direct
hydrogen bonding between CEPH molecules and THY. Preliminary antimicrobial
experiments via measurements of minimal inhibitory concentration (MIC) provide clear-
cut evidence that the association with thymol increases the resistance of both Gram-
negative and Gram-positive bacteria to the antibiotic with respect to pure CEPH as well

as to physical mixtures of CEPH with thymol.

This paper can be found at https://dx.doi.org/10.1021/acs.cgd.1c01435
with the related supporting information file.

Reproduced with authorization.

109


https://dx.doi.org/10.1021/acs.cgd.1c01435

Downloaded via UNIV BOLOGNA on January 17, 2023 at 16:08:44 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

CRYSTAL
GROWTH
&DESIGN He®

pubs.acs.org/crystal

Inhibition of the Antibiotic Activity of Cephalosporines by Co-
Crystallization with Thymol

Published as part of a Crystal Growth and Design joint virtual special issue on Crystallizing the Role of Solid-
State Form in Drug Delivery

Cecilia Fiore, Alessandra Baraghini, Oleksii Shemchuk, Vittorio Sambri,* Manuela Morotti,
Fabrizia Grepioni, and Dario Braga*

Cite This: Cryst. Growth Des. 2022, 22, 1467-1475 I: I Read Online

ACCESS | [l  Metrics & More | Article Recommendations | @ Ssupporting Information
ABSTRACT: Three structurally similar antibiotics of the THY + CPX I | THY + CFC | | THY + CFD
cephalosporin (CEPH) class, namely, cephalexin (CPX), ceph-

radine (CFD), and cefaclor (CFC), have been co-crystallized with l

thymol (THY) via different preparation techniques, yielding the CFC-THY-4H,0 | |CFD-THY-4H,0
hydrated co-crystals CPX-THY-2.5H,0 form I and form II, CFD- $ isomorphous 4
THY-2.5H,0, and CFC-THY-4H,0. All co-crystals were structur- | CPX-THY-2.5H,0 form Il '

ally characterized by single crystal and/or powder X-ray diffraction.

In all co-crystals, except in the case of the elusive metastable form I

of CPX-THY-2.5H,0, the CEPH molecules interact with thymol CPX-THY-2.5H,0 form 1 ] [cFo-THY 2.5H,0

only via water bridges; i.e,, there is no direct hydrogen bonding £ somorphous 4
between CEPH molecules and THY. Preliminary antimicrobial

experiments via measurements of minimal inhibitory concentration
(MIC) provide clear-cut evidence that the association with thymol increases the resistance of both Gram-negative and Gram-positive
bacteria to the antibiotic with respect to pure CEPH as well as to physical mixtures of CEPH with thymol.

B INTRODUCTION combination of a sedative pharmaceutical pyrithyldione and a
non-steroidal anti-inflammatory drug 2[Jropyphenazone pa-
tented by Hoffman-La Roche in 1937.”° In more advanced
applications, APIs are chosen in a way that both have similar
biological activity, and their combination as co-crystals might
result in enhancement of the biological activity with respect to
that of the separate components or of their physical
mixture.””>* One of such cases has been recently reported
by our research group for the co-crystals of the synthetic
antibiotic ciprofloxacin with the natural antibacterial agents
thymol and carvacrol (see also below).*

In this paper, we report our results in the co-crystallization
of three representatives of the cephalosporin (CEPH) class of
antibiotics, namely, cephalexin (CPX), cefradine (CFD), and
cefaclor (CFC), with thymol (THY) used as a co-former (see
Scheme 1).

Cephalosporins are a class of f-lactam antibiotics, extracted
for the first time from the fungus Cephalosporium acremonium

Multicomponent molecular solids are attractive targets in the
quest for novel molecular materials and are finding application
in a variety of fields including pharmaceuticals,' ~® nutraceut-
icals,” ™’ agrochemicals,m_12 high-energy materials,"* ™" and
pigments."®™'® Since the solid-state packing arrangement of
the building blocks (molecular and/or ionic) can dramatically
affect the collective properties of the materials, it is of
paramount importance to understand the relationship between
the properties of the individual components and those
resulting from the assembly of active ingredients and co-
formers. Co-crystals have become an attractive research target,
since they may provide alternative routes to new or improved
properties of active molecules.'” Pharmaceutical co-crystals
composed of an active pharmaceutical ingredient (API) and a
non-active ancillary co-former, selected from the Generally
Recognized As Safe (GRAS) list of substances,” are being
actively investigated by crystal engineers. It is also possible to
co-crystallize an API with another API, thus forming a drug—

drug (or co-drug) co-crystal”' ™ In drug—drug co-crystals, Received: December 5, 2021
not only the solid-state physicochemical properties of the API Revised:  January 12, 2022
are altered with respect to those of the separate components, Published: January 21, 2022

but also the pharmaceutical and biological activity may result
in being significantly different because of synergistic or
antagonistic effects. The first example of a co-drug was a

© 2022 The Authors. Published b;
Ameeric:n ocﬁemt;callssgcie& https://doi.org/10.1021/acs.cgd.1c01435
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Scheme 1. The First Generation Cephalosporin Antibiotics
Cephalexin (CPX) and Cefradine (CFD), the Second
Generation Cephalosporin Cefaclor (CFC), and the Co-
Former Thymol (THY) Used in Our Study”

NH;, NH,
H
Oy Oy
(o] (o]
N.__~ N
S A
o] OH (o] OH

Cephalexin (CPX) Cefradine (CFD)

NH,
H
Oy
& on
o
o] OH
Cefaclor (CFC) Thymol (THY)

“CPX, CFD, and CFC were all used in their zwitterionic form.

in 1945.>* The central nucleus of cephalosporins is formed by
p-a-aminoadipic acid condensed with a f-lactam ring; this
complex is called 7-aminocephalosporanic acid and represents
the nucleus to which the side chains are linked for the synthesis
of the various cephalosporins. The mechanism of action is
carried out by synthesis inhibition of the bacterial cell wall,
similarly to what was observed in the case of penicillin and
derivatives.

Cephalosporins are classified into five generations according
to the general characteristics of antimicrobial activity.’® The
first generation of cephalosporins, in our case cephalexin and
cefradine, shows a good activity in a wide range against Gram-
positive bacteria and a relatively modest activity against Gram-
negative bacteria. Most of the Gram-positive cocci and oral
cavity anaerobes are sensitive to the action of the first
generation of cephalosporins as well as against M. catarrhalis,
E. coli, K. pneumoniae, and P. mirabilis.>® The second
generation of cephalosporins is more active against Gram-
negative microorganisms such as Citrobacter and Enterobacter.
Cefaclor is a second-generation cephalosporin and is
particularly active against H. influenzae and M. catarrhalis. In
general, the second generation is more active against
streptococci, E. coli, P. mirabilis, etc.”’

Thymol [5-methyl-2-(propan-2-yl)benzenol, also known as
m-thymol] is a natural monoterpenoid phenol derivative of p-
cymene and is the most abundant component of the oil
extracted from Thymus vulgaris (thyme).® The effective
antibacterial properties of the essential oil have been
investigated in vitro and in vive against diverse Gram-negative
and Gram-positive bacteria such as S. typhimurium, E. coli, and
L. monocytogenes.”®™ " In addition to this, the herbal
preparation “Thymi aetheroleum”, listed as an “herbal medicinal
product”, has been assigned the GRAS (Generally Recognized
As Safe) status of flavor additive™ by FEMA (Flavor Extract
Manufacturers Association).'* The essential oils obtained from
the species of the Lamiaceae family, such as the genera
Thymus, Ocimum, and Origanum containing thymol,”~*" have
been used in the food industry since ancient times as natural
preservatives in food treatment and packaging thanks to their
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antimicrobial, antioxidant, and anti-inflammatory proper-
ies.** 73 Essential oils extracted from basil (Ocimum basilicum
L.) have been traditionally used as a medicinal plant in the
treatment of headaches, coughs, diarrhea, constipation, warts,
worms, and kidney malfunction.”’

As mentioned above, co-crystallization of the antibiotic
ciprofloxacin (CIP hereafter) with thymol (THY) and
carvacrol (CAR) yielded two families of ciprofloxacin co-
crystals, one with carvacrol, namely, CIP-CAR, (n = 2, 3, 4),
and one with thymol, CIP-THY, (n = 2, 4).** The effect of co-
crystal formation on the antibiotic activity of ciprofloxacin was
evaluated by means of standard antimicrobial tests in the cases
of the co-crystals CIP-CAR, and CIP-THY,, and compared
with the results for the pure components and their physical
mixtures: in both cases, the antimicrobial tests indicated an
increase of the antimicrobial activity.

Remarkably, the outcome of analogous experiments carried
out with antibiotics of the CEPH family is completely
different; viz., when the co-crystals with THY are administered
to Gram-negative and Gram-positive bacteria, a significant
decrease of the antimicrobial activity, and therefore an increase
of the minimal inhibitory concentration (MIC) values, is
observed in comparison to the pure components and to the
physical mixtures. In the following, the preparation and
characterization of the co-crystals of cephalexin (CPX),
cefradine (CFD), and cefaclor (CFC) with thymol (THY),
namely, CPX-THY-2.5H,0 forms I and II, CFD-THY-2.5H,0,
and CFC-THY-4H,0, respectively, will be described and the
results of the antimicrobial test discussed.

H EXPERIMENTAL SECTION

CPX and CFD used in this work were purchased from Tokyo
Chemical Industry (TCI); CFC, THY, and all solvents were
purchased from Sigma-Aldrich. All reagents and solvents were used
without further purification.

Solution Synthesis. Synthesis of CFD-THY-2.5H,0 and CFC:
THY-4H,0. In separate experiments, CFD (25 mg, 0.071 mmol) and
CFC (25 mg, 0.068 mmol) were solubilized in 2 mL of water;
sonication was used to accelerate the dissolution process. As thymol is
insoluble in water, a solution of THY (15.9 mg, 0.106 mmol for CFD;
15.3 mg, 0.102 mmol for CFC) was prepared in 1 mL of EtOH, which
was then added to both CFD and CFC aqueous solutions. The vials
containing the mixture were covered with Parafilm and stored at 5 °C.
A similar approach was used by Kemperman et al. in the preparation
of clathrate-type complexes of cephalosporins.”’™®" Single crystals
suitable for X-ray diffraction were collected after 2 days from the
crystallization batches.

Synthesis of CPX-THY-2.5H,0 Forms | and Il. CPX (25 mg, 0.072
mmol) was solubilized in 2 mL of water; sonication was used to
accelerate the dissolution process. A solution obtained by dissolving
THY (16.2 mg, 0.108 mmol) in 1 mL of EtOH/CH,Cl, 50:50 was
then added to the CPX aqueous solution. The vial containing the
resulting mixture was partially covered with Parafilm and stored under
a fume hood at room temperature. After 2 days, single crystals of form
II were recovered, while, after 2 more days, only crystals of form I
were found in the same crystallization batch.

Synthesis by Slurry. In three separate experiments, CPX (100
mg, 0.288 mmol), CFD (100 mg, 0.286 mmol), and CFC (100 mg,
0.272 mmol) were slurried with THY in a 1:1 stoichiometric ratio
(43.3, 42.9, and 40.9 mg, respectively) for 48 h in 2 mL of water and 3
drops (150 L) of EtOH. After filtration, the solid material was left to
dry out under ambient conditions.

Mechanochemical Synthesis. In three separate experiments,
CPX (50 mg, 0.144 mmol), CFD (50 mg, 0.143 mmol), and CFC (50
mg, 0.136 mmol) were milled with thymol in a 1:1 stoichiometric
ratio (21.6, 21.5, and 20.4 mg, respectively) in a RETSCH MM200

https://doi.org/10.1021/acs.cgd.1c01435
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(mixer mill) for 1 h (30 min + 30 min with a 5 min break) at 20 Hz
milling frequency, using a 5 mL agate jar with three agate balls of S
mm diameter; 2 drops of water (100 xL) were added to the solid
mixture (liquid-assisted grinding, LAG). The product was left to dry
out at room temperature and directly collected from the jar.

Crystallization. Single crystals of CFC-THY-4H,O and of CPX:
THY-2.5H,0 were crystallized from a mixture of three solvents,
namely, ethanol, dichloromethane, and water. CPX-THY-2.5H,0 was
obtained in two polymorphic forms; as form II is metastable, all
solubility and antimicrobial activity measurements were carried out on
form I (see below). In the case of CFD-THY-2.5H,0, the structure
was found to be isomorphous with that of CPX-THY-2.5H,0 form L
Single crystals of CPX-THY-4H,0 and of CFC-THY-2.5H,0 could
not be obtained even by attempting heteroseeding crystallization with
preformed crystals of isomorphous CFC-THY-4H,0 or CPX-THY-
2.5H,0 form L In the former case, the addition of the seeds of CFC-
THY4H,0 led to the immediate crystallization of a polycrystalline
powder that was characterized as CPX-THY-2.5H,0 form L
Analogously, the addition of the seeds of CPX-THY-2.5H,0 form
II to the solution of CFC and THY did not affect the crystallization,
and CFC-THY-4H,0 was obtained.

Powder X-ray Diffraction. Room temperature powder X-ray
diffraction patterns were collected on a PANalytical X'Pert Pro
automated diffractometer equipped with an X'Celerator detector in
Bragg—Brentano geometry, using Cu Ka radiation (1 = 1.5418 A)
without a monochromator in the 3—40° 26 range (step size 0.033°%
time/step 20 s; Soller slit 0.04 rad; anti-scatter slit !/,; divergence slit
!/, 40 mA X 40 kV).

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction
data were collected at RT for CFC-THY-4H,0, CPX-THY-2.5H,0
form 1, and at 100 K for CPX-THY-2.5H,O form II, with an Oxford
Diffraction X'Calibur instrument equipped with a graphite mono-
chromator and a CCD detector. Unit cell parameters for all
compounds discussed herein are reported in Table SI-1. The
structures were solved by the intrinsic phasing methods and refined
by least-squares methods against F? using SHELXT-2016>° and
SHELXL-2018°° with the Olex® interface.”’ Non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were added in
calculated positions. The software Mercury 4.12°° was used to
analyze and represent the crystal packing.

Testing of Antimicrobial Activity. Antimicrobial activity was
tested by the broth microdilution method, according to the guidelines
of the two established organizations and committees on antimicrobial
susceptibility testing, the CLSI and EUCAST.**** For comparison,
tests were conducted on suspensions of thymol, CEPH, physical
mixtures, and co-crystals in 10 progressive concentrations ranging
from 512 to 1 pg/mL. All suspensions were tested in parallel, using as
reference strains different types of bacteria pretested with different
standard methods (automatic and semiautomatic) to determine their
MICs.>" Both sensitive and resistant strains, with a MIC that fell
within the concentration range of 1 to 512 yg/mL, were considered.

Drug and co-crystal solutions/suspensions were prepared in the
same way for all samples, namely, 30.720 mg of analyte in 15 mL of
physiological solution of sodium chloride 0.45% (e.g,, 30.720 mg of
CEPH in 15 mL of physiological solution or 30.720 mg of co-crystal
in 15 mL of physiological solution). Physical mixtures were prepared
in stoichiometric ratios via simple mixing of drug dispersions and
essential oil dispersions.

The antibacterial assay was carried out for all samples by using a
96-well microtiter plate; wells were filled with 50 uL of cation
adjusted MH broth from well 2 to well 12; then, 100 L of sample
solution/dispersion were added and put in well 1. After that, the serial
dilutions were obtained by taking S0 uL of MH broth from well 1 to
well 2 and then proceeding in the same way from well 2 to well 3, etc.,
until well 11. This procedure resulted in 1:2 serial dilutions ranging
from 512 to 1 ug/mL from well 2 to well 11. In this way, well 1 was
the negative control to verify that the sample was not contaminated,
while well 12 was the positive control to check for bacterial growth
and was used as a comparison to evaluate the MIC well. Table SI-2
reports the results of all antimicrobial tests by comparing MIC (ug/
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mL) in the cases of CEPH, of CEPH and THY as a physical mixture,
and of the co-crystals for a series of both susceptible and resistant
strains. The percentage molar differences in CEPH between the MIC
of each CEPH and the MIC of the corresponding co-crystals are also
reported (column 4).

Solubility Measurements. Solubility in water of (i) CPX (11.3
mg), CFD (10 mg), and CFC (5 mg); (ii) thymol (10 mg); and (iii)
the co-crystals CFD-THY-2.5H,0 (10 mg), CPX-THY-2.5H,0 form
1 (9.8 mg), and CFC-THY-4H,O (10 mg) was measured three times
at room temperature by a stepwise procedure: each single material
was suspended in 1 mL of water (quantities in mg are indicated
above) in a 20 mL glass vial, and the volume of water was increased
by 0.5 mL at a time; sonication (30 s™! min, 95 W, 50/60 Hz) was
applied after each addition. Determination of complete dissolution
was based entirely on visual observation. Results are reported in Table
1.

Table 1. Solubility in Water of the Compounds Discussed
Herein

compound solubility” (mg/mL) solubility (mol/L)

THY insoluble insoluble

CED 6.6(3) 1.8 x 1072
CPX 5.6(2) 15 x 1072
CFC 5.1(2) 1.4 x 1072
CED-THY-2.5H,0 11(3) 21 x 107
CPX-THY-2.5H,0 1.4(4) 2.6 x 107
CEC-THY-4H,0 1.4(3) 24 %1073

“Values in parentheses are standard deviations over three measure-
ments.

Bl RESULTS AND DISCUSSION

Co-crystallization of the three cephalosporins with thymol
invariably resulted in the formation of hydrated co-crystals. As
discussed in the Experimental Section, the reaction between
cephalosporins and thymol was conducted under three
different conditions, i.e., solution, slurry, and liquid-assisted
grinding (LAG). The relationship between the co-crystalliza-
tion processes and the products obtained is depicted in
Scheme 2.

Co-Crystallization of Cefaclor with Thymol. Co-
crystallization of CFC with THY invariably resulted in the

Scheme 2. Co-Crystallization Results of Thymol (THY)
with Cephalexin (CPX), Cefaclor (CFC), and Cefradine
(CED)*

THY+CPX | [ THY+cFC | | THY+CFD
solution® solution,® solution,”
LAG® LAG®
solution®

slurry?
LAG®

(CFCTHY-4H,0 | |CFD-THY-4H,0|

isomorphous slurry®

CPX-THY-2.5H,0 form Il

time time, A

CPX-THY-2.5H,0 form | | |CFD-THY-2.5H,0

isomorphous

“Solvents used are (a) H,O—EtOH-CH,Cl,, (b) H,0—EtOH, and
(¢) H,0.
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formation of CFC-THY-4H,O, irrespective of the process
employed (see Scheme 2). Crystalline CFC-THY-4H,O is
composed of distinct layers of CFC and thymol molecules
(Figure 1a). Water molecules are interposed in the layers of

Figure 1. Crystal packing of cefaclor and thymol molecules in
crystalline CFC-THY-4H,O. (a) Projections in the bc-plane of
packing portions for crystalline CFC-THY-4H,0O evidencing the
“segregation” of the hydrophilic region (light-blue rectangle) in the
structure (O, atoms in blue). (b) Hydrogen bonding interactions
between CFC and water molecules and (c) between CFC, water, and
THY (Cypy in pink; H atoms omitted for clarity).

zwitterionic CFC molecules, interacting with them via
hydrogen bonds. CFC molecules interact with each other via
NH;*+-O¢oo- hydrogen bonds (Figure 1b), while they do not
form hydrogen bonds with the hydroxyl groups of the thymol
molecules (Figure 1c).

Co-Crystals of Cephalexin with Thymol. The co-
crystallization of CPX with THY via ball milling with a few
drops of water or via slurry in H,O/EtOH solution results in
the formation of CPX-THY-2.5H,0. Single crystals for X-ray
structural determination could only be grown with a double-
layer approach at the interface of a solution of CPX in water
and a solution of thymol in EtOH:CH,Cl,. Other choices of
solvents or the use of mixtures of two solvents only yielded
polycrystalline CPX-THY-2.5H,0. Together with single
crystals of the desired form, however, the concomitant

formation of a few crystals of a polymorphic form was
detected, i.e, CPX-THY-2.5H,0 form II; in a matter of days,
though, all crystals of form II had converted, in the presence of
residual solution, into stable form I. While crystals of form I are
stable under X-rays and data could be collected under ambient
conditions, data for crystalline CPX-THY-2.5H,0 form II had
to be collected at 100 K. Crystalline CPX-THY-2.5H,0 form II
could not be detected in any other solid-state or solution
experiment.

Crystalline CPX-THY-2.5H,0 form I is shown in Figure 2.
The crystal packing resembles the one observed for CFC-THY-
4H,0. Once again, distinct layers of thymol and of CPX
molecules are present (Figure 2a). Water molecules are
interposed within the layers of CPX molecules acting as a
hydrogen bonding bridge between CPX and THY molecules.
Op,o acts as a hydrogen bonding acceptor for Hoy of THY

molecules, and both Hy e, in turn, interact via OH-+Ocop-

hydrogen bonding with two different molecules of CPX
(Figure 2b). CPX molecules interact via NH;*-Ocqo-
hydrogen bonds with each other (Figure 2b). The protonated
amino groups of one CPX molecule interact via hydrogen
bonding with the carboxylate groups of two other CPX
molecules.

Segregation of the hydrophobic and hydrophilic regions is a
feature also shared by crystalline CPX-THY-2.5H,0 form I, as
is shown in Figure 3a. Figure 3b shows the absence of direct
hydrogen bonding interactions between thymol and cephalexin
molecules, connected one to the other via bridging water
molecules.

Form I and form II of CPX-THY-2.5H,0O differ mainly
because of the conformation due to the torsion of the
carboxylate groups; see Figure 4 for a comparison.

Co-Crystals of Cefradine with Thymol. The co-
crystallization of cefradine with thymol showed some
similarities with both cefaclor and cephalexin (see Scheme
2). Liquid-assisted grinding resulted in the formation of the co-
crystal CFD-THY 4H,0, isomorphous with CFC-THY-4H,0,
as evidenced by a comparison of the measured XRPD pattern
of CFD-THY-4H,0 with that calculated on the basis of single
crystal data for CFC-THY-4H,0 (see Figure S).

Single crystals of CFD-THY-4H,0 were grown in a similar
way as the ones for the cefaclor co-crystal. However, these
crystals were much less stable, rapidly degrading during data
collection, even if the temperature was lowered to 100 K.
Consequently, the crystals were left under ambient conditions
for 12 h, and afterward, an XRPD pattern was collected. As it
can be appreciated from Figure 6, a phase change had taken

Figure 2. Crystal packing of cephalexin and thymol molecules in crystalline CPX-THY-2.5H,O form 1. (a) Projection of a packing portion of
crystalline CPX-THY-2.5H,0 form I, evidencing the layer of THY molecules hydrogen bonded to CPX and water molecules (O, in blue). (b)
Hydrogen bonding interactions between CPX, water, and THY molecule (Cryy in pink; H atoms omitted for clarity).

https://doi.org/10.1021/acs.cgd.1c01435
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M)

Figure 3. Segregation of the hydrophilic regions in crystalline CPX-THY-2.5H,0 form II (a) (H atoms and H-bonds not shown for clarity);
hydrogen bonding interactions between CPX, water, and THY molecules (b); hydrogen bonding interactions mediated by a water molecule
between CPX molecules (c) (carbon atoms of THY in pink, Oy in blue; hydrogens omitted for clarity).
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Figure 4. Conformation of the CPX molecules in form II (top) and
form [ (bottom): the main difference between the two forms is in the
torsion of the carboxylate groups.

26/deg

Figure 5. Comparison between the experimental powder X-ray
pattern for CFD-THY-4H,O (black line, top) and the one calculated
on the basis of single crystal data for CFC-THY-4H,O (red line,
bottom).

place. This last phase was later prepared again (i) via slurry of
CFD-THY-4H,0 and also (ii) directly from crystalline CFD-
THY-4H,0O as obtained from the LAG process and stored
under ambient conditions in a closed vial for 48 h. On the basis
of the comparison of the X-ray patterns, this second form
seems to be isomorphous with the stable form of CPX-THY-
2.5H,0, i.e., form I (see Figure 6).

Antimicrobial Activity. The results of the antimicrobial
activity testing are now discussed. As described in the
Experimental Section, the same strains were tested for each
system. Results referring to the strains that provided growth
inhibition values considered of interest for the purposes of the
work are discussed. Table SI-2 lists the minimal inhibitory
concentration (MIC) values for all CEPH, for CEPH and THY
physical mixtures, and for the CEPH-THY-nH,O co-crystals,
together with the percentage concentration increase, calculated
after normalization of the data, necessary for mixed systems to
show the same antimicrobial effect as pure CEPH compounds.
As can be seen from the examples listed in Table 2, all co-
crystals were found to give growth inhibition at concentrations
invariably higher than CEPH alone. In the cases where a
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specific strain was found highly susceptible to the antibacterial,
the corresponding co-crystals were not tested. However, when
these quantities are normalized on the basis of the co-crystal
formulas, differences begin to appear. Growth inhibition with
CFD-THY-2.5H,0 requires a larger dose of cephalosporin
compared to the other co-crystals described in this work. CFC-
THY-4H,0 is considerably more efficient, as the increase of
the antibiotic dose necessary to reach the MIC value is lower
than that for the other systems considered. An analogous
behavior could also be observed for the physical mixtures of
CEPH and THY, although they present, on average, similar or
slightly lower growth inhibition concentrations, based on
normalized data, with respect to co-crystals. Finally, pure THY
shows growth inhibition at very high values (not reported in
Table 2), which are on the mg/mL scale, therefore not
comparable to those for CEPH and co-crystals.

B CONCLUSIONS

Co-crystallization of CEPH molecules with thymol was
successful in yielding a class of closely related hydrated co-
crystals with a 1:1 stoichiometry between the CEPH molecules

https://doi.org/10.1021/acs.cgd.1c01435
Cryst. Growth Des. 2022, 22, 14671475
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Figure 6. Comparison between the experimental XRPD patterns for
CFD-THY-4H,0 as obtained from LAG (black line, top), the pattern
obtained after 12 h under ambient conditions (blue line, middle), and
the pattern calculated on the basis of single crystal data for CPX-THY-
2.5H,0 form 1 (red line, bottom). As blue and red lines are
superimposable, it can be inferred that a complete transformation has
taken place from CFD-THY-4H,0 to a co-crystal isomorphous with
CPX-THY-2.5H,0 form I, i.e.,, CED-THY-2.5H,0.

and THY. In all cases (with the exception of the low
temperature form of CPX-THY-2.5H,0), THY is not linked
directly to the CEPH molecules but is linked to the antibiotic
via water bridges. It is perhaps worth mentioning that all
crystal structures of CPX, CFD, and CFC, currently available
in the CSD database,” are hydrates, confirming the strong
affinity of the CEPH molecules with water.

The antimicrobial activity of the co-crystals CPX-THY-
2.5H,0 form II, CFD-THY-2.5H,0, and CFC-THY-4H,0O
was compared with that of CEPH alone, as well as with that of
physical mixtures of CEPH with THY in adequate stoichio-
metric ratios, against a reference strain of different bacteria
both susceptible and not susceptible to CEPH. THY was also
tested. At variance with what was previously observed in the
cases of the co-crystals of ciprofloxacin with thymol,™ the
CEPH co-crystallization products show exactly the opposite
behavior in terms of antimicrobial activity. The co-crystals
CPX-THY-2.5H,0 form II, CFD-THY-2.5H,0, and CFC:
THY-4H,0 are less effective against the bacteria than the pure
active ingredient.

This apparently negative result is extremely interesting and
prompts the investigation of the reasons for such a different
behavior. Clearly, the two classes of antibiotics have very
different biological activity (interaction with different active
sites on the proteins, etc.), and the comparison cannot be
between the two classes of compounds. Rather, the focus of
this crystal engineering paper is on the observation that the
same conceptual approach, namely, the construction of
aggregates between natural antibiotics such as thymol and
carvacrol and the APIs, may also cause an inhibition of the
activity. This should also raise a warning, as it cannot be
excluded a priori that approved substances commonly used for
human consumption, as is the case of thymol, might have an
impact on the pharmacological effects of antibiotics. More
explorative work should be conducted with this caveat in mind.

It may also be worth noting that the solubilities in water of
the co-crystals are an order of magnitude less than those of the
pure CEPH (see Table 1); while the molar solubility of the
CEPH molecules, when associated to THY, is significantly
lower than the solubility of the free cephalosporines, THY

Table 2. Percentual Increase in Minimal Inhibition Concentration (MIC) Normalized on the Amount of CEPH (mM) for the
Co-Crystals CFD*THY*2.5H,0, CPX'THY"2.5H,0, and CFC-THY*4H, 0 with Respect to the Pure Cephalosporins CFD, CPX,

and CFC, Respectively

CFD-THY-2.5H,0 vs CFD

CPX-THY-2.5H,0 vs CPX CFC-THY4H,0 vs CFC

Gram-Positive Bacteria

Enterococcus faecalis 926 28 148
Staphylococcus aureus MRSA 926 28 148
Staphylococcus epidermidis 413 156 148
Gram-Negative Bacteria
Alcaligenes faecalis 413 a 398
Citrobacter freundii a 156 a
Citrobacter koseri a a 24
Enterobacter cloacae 413 156 a
Enterobacter acrogenes >4004° a a
Escherichia coli a 156 24
Escherichia coli ESPL+" >413° 924 148
Salmonella cholaeresuis 1952 156 148
Hafnia alvei 28 >8093¢ 148
Kiebsiella oxytoca a 28 a
Morganella morganii 4004 8093 a
Proteus mirabilis ESﬁL+b 8109 1948 >1948°
Proteus mirabilis 4004 3996 >3996°
Providencia stuartii 1952 a a

“Notes: co-crystal was not tested because the corresponding CEPH gives MIC values below the measurement limit for the specific antibacterial-
susceptible strain. "ESSL+ stands for extended spectrum beta-lactamase. “The symbol > is used to indicate that higher concentrations have not
been investigated; therefore, the real MIC value could not be ascertained.
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shows exactly the opposite phenomenon, becoming soluble in
water.

In summary, the evaluation of the MIC values in the cases
discussed herein is consistent with an inhibition effect by THY
on the antibiotic activity of the three CEPH molecules upon
formation of co-crystals with THY. The inhibition is less
pronounced with the new generation cephalosporines.
However, whether this inhibition is due to a different
perme:-lbility63 of the CEPH co-crystals or, more simply, to
the difference in solubility of the co-crystals with respect to the
CEPH on their own needs to be investigated further with ad
hoc studies in vivo also by considering the opposite behavior
shown by the co-crystals of ciprofloxacin with thymol, which
appears to be more soluble by a factor of 2 with respect to the
antibiotic.*®> Work in this direction is in progress and will be
the subject of future reports.
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X-RAY POWDER DIFFRACTION PATTERNS
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Figure SI-1. XRPD pattern of Cephalexin reagent as purchased from Tokyo Chemical
Industry (TCI).
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Figure SI-2. XRPD pattern of Cefradine reagentas purchased from Tokyo Chemical
Industry (TCI).
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Figure SI-3. XRPD pattern of Cefaclor reagent as purchased from Sigma-Aldrich.
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CRYSTALLOGRAPHIC DATA

Table SI-1. Crystal data and details of measurements for CFC-THY-4H,0, CPX-THY-2.5H,0 form
I, and CPX-THY-2.5H,0 form Il.

Chemical formula

M, /g mol?
Crystal system
Space group
a/A
b/A
c/A
a/°
B/°
v/°
v/A
2,7
T/K
d/ mgcm3
pn/ mm?
Measd reflns
Indep reflns
Reflns with />
20(/)

Rint
R1 [F? > 20(F?)]
wR(F?)

CFC-THY-4H,O

‘4H,0
590.08

triclinic
P1
7.0028(5)
13.3272(8)
17.2598(11)
73.450(5)
85.474(5)
75.071(6)
1491.94(18)
2,1
298
1.314
0.25
22403
13809
7873

0.047
0.083
0.239

CPX-THY-2.5H,0

form |

-2.5H.0
542.64

monoclinic
P2,
17.3012(15)
7.0697(5)
22.9330(16)
90
93.416(7)
90
2800.0(4)
4,2
298
1.00
0.17
23383
12900
6612

0.041
0.066
0.108

CPX-THY-2.5H0

formli

C15H14CIN304S-C10H140  C16H17N304S-C10H140  C16H17N304S-C10H140

-2.5H,0
542.64

monoclinic
P2,
12.6380(12)
14.6478(14)
15.5629(14)
90
102.464(9)
90
2813.1(5)
4,2
100
1.281
0.16
13691
7730
6546

0.043
0.057
0.131

https://www.ccdc.cam.ac.uk and have been allocated the accession numbers CCDC

2125511-2125513.
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ANTIMICROBIAL TESTS

Table SI-2. MICs (ug/mL) for CEPH, CEPH and THY as a physical mixture and for the cocrystals.

Gram Positive Bacteria CFD CFD+THY CFD-THY-2.5H,0 % increase
physical mixture
Staphylococcus aureus MRSA 8 32 128 926
Staphylococcus epidermidis 8 64 64 413
Enterococcus faecalis 8 128 128 926
Gram Negative Bacteria CFD CFD+THY CFD-THY-2.5H,0 % increase
physical mixture
Enterobacter cloacae 64 256 512 413
Enterobacter aerogenes 8 >512° >512° > 4004
Escherichia coli ESPL+ 64 256 >512° > 413
Salmonella cholaeresuis 16 32 512 1952
Hafnia alvei 256 512 512 28
Morganella morganii 8 512 512 4004
Proteus mirabilis ESPL+° 4 512 512 8109
Proteus mirabilis 4 256 256 4004
Providencia stuartii 16 512 512 1952
Alcaligenes faecalis 8 64 64 413
Gram Positive Bacteria CPX CPX+THY CPX-THY-2.5H,0 % increase
physical mixture
Staphylococcus aureus MSSA 4 8 8 28
Staphylococcus epidermidis 32 64 128 156
Enterococcus faecalis 128 256 256 28
Gram negative Bacteria CPX CPX+THY CPX-THY-2.5H,0 % increase
physical mixture
Citrobacter freundii 16 32 64 156
Enterobacter cloacae 128 256 512 156
Eschericchia coli 4 16 16 156
Eschericchia coli ESBL+C 32 256 512 924
Klebsiella oxytoca 4 8 8 28
Salmonella cholaeresuis 8 16 32 156
Hafnia alvei 4 128 > 512° > 8093
Morganella morganii 4 512 512 8093
Proteus mirabilis ESBL+° 16 256 512 1948
Proteus mirabilis 8 128 512 3996
Staphylococcus aureus MSSA 4 8 8 28
Staphylococcus epidermidis 32 64 128 156
Enterococcus faecalis 128 256 256 28
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Gram Positive Bacteria CFC CFC+THY CFC-THY-4H,0 % increase
physical mixture
Staphylococcus aureus MSSA 16 64 64 148
Staphylococcus aureus MRSA 16 32 64 148
Staphylococcus epidermidis 64 64 256 148
Enterococcus faecalis 16 64 64 148
Gram Negative Bacteria CFC CFC+THY CFC-THY-4H0 % increase
physical mixture
Citrobacter koseri 64 64 128 24
Escherichia coli ESBL+? 128 256 256 24
Escherichia coli 64 32 256 148
Salmonella cholaeresuis 32 64 128 148
Hafnia alvei 128 512 512 148
Haemophilus influenzae 16 32 64 148
Alcaligenes faecalis 64 256 512 398
Proteus mirabilis ESBL+? 16 512 >512° >1948°
Proteus mirabilis 8 256 > 512 > 3996

Notes: (a) The percentual increase indicates the difference in the amount of CEPH
required for MIC of each CEPH and the MIC of the corresponding cocrystals; (b) the
symbol > is used to indicate that higher concentrations have not been investigated,
therefore the real MIC value cannot be known; (¢) ESBL+ stands for extended spectrum

B-lactamase.
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3.3 Levofloxacin and Ciprofloxacin cocrystals with flavonoids: solid-state
investigation for a multi-target strategy against Helicobacter pylori

Abstract

The call for new therapeutic solutions to take over the contemporary problem of
antimicrobial resistance is requesting a prompt and direct answer from the scientific
community. In this work, the focus turned to proposing a synergistic approach for
effective therapeutic strategies against Helicobacter pylori.

The crystal engineering tool of co-crystallization provided us the right instrument to
obtain novel materials, active against H. pylori. The solid-state combination of two
antibiotics of the fluoroquinolone class, namely levofloxacin (LEVO) and ciprofloxacin
(CIP), with three flavonoids, called quercetin (QUE), myricetin (MYR) and hesperetin
(HES), resulted in the formation of four main co-crystals: LEVO-QUE, LEVO-MYR, 2LEVO-
HES, and CIP-QUE. All the co crystals discussed in this work were obtained via different
synthetic methodologies, including mechanochemical approaches.

Intriguing results were obtained from some preliminary antibacterial tests, aiming to
compare the performance versus H. pylori of the novel co-crystals with the ones of the

respective physical mixtures and isolated components.
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3.3.1 Introduction

Helicobacter pylori is a Gram-negative and transmissible pathogen that colonizes the
human stomach causing chronic infections that result in several gastric disorders, such
as peptic ulceration, gastric adenocarcinoma, and MALT lymphoma. Most gastric cancer
diagnoses are attributable to H. pyloriinfection indeed.*? Like other superbugs, H. pylori
rapidly develops resistance to the standard therapies leading to a significant decrease
in their efficacy and eradication cure rates between 70 and 50%.3 Moreover, only a few
antibiotics (such as amoxicillin, clarithromycin, metronidazole, tetracycline, levofloxacin
and rifabutin) can be used effectively for the eradication of H. pylori in clinical practice,
typically when administrated to patients as combination therapies constituting two or
three of these antibiotics, an acid inhibitor and/or a bismuth component that brings
additional antibiotic effect and mucosal protection against aggressive factors.*®
Following the limited choice of effective therapeutics and the extensive use of certain
antibiotics in the general population, rapid development of primary antibiotic resistance

in H. pylori has been noted.3

The fluoroquinolones levofloxacin and ciprofloxacin have a broad spectrum of activity
against gram-positive and gram-negative bacteria. Levofloxacin-based regimens to treat
H. pylori infections are usually triple-therapies including a proton-pump inhibitor (PPI)
and amoxicillin.®= In recent studies was observed that the efficacy of levofloxacin-
containing therapy is decreasing, most likely due to increased primary resistance.3° In
order to offer an alternative to the standard therapies for the treatment of H. pylori
infection, in few studies also the efficacy of ciprofloxacin-based regimen has been

explored.tt1?
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The World Health Organization (WHO)?* and the World Gastroenterology Organization
(WGO0)* have included H. pylori in their list of “priority pathogens” for which new
antibiotics are urgently needed and with this pressing need for novel therapeutic
options, the scientific community’s interest in traditional medicine and the use of

natural products as sources of novel antibacterial drugs have been reinforced.*>

In recent work we have demonstrated that there is a role for crystal engineers in these
new frontiers of antimicrobial drugs discovery. Co-crystallization, a crystal engineering
tool, provides alternative routes to the synthesis of new materials and/or to the
enhancement of the properties of active molecules.®!” The basic idea is that the solid-
state association of an active ingredient with a molecular component belonging to the
GRAS family (generally recognized as safe) may allow to explore new ways to enhance
and/or alter, in a synergistic way, the overall antimicrobial performance.®%°
Nowadays, bioactive compounds isolated from different plants, fruits, vegetables,
beverages, etc., have gained interest in the scientific community due to their beneficial
effects in human health.2>2! Flavonoids are a large family of naturally occurring bioactive
compounds present in various species and in a wide variety. Plant flavonoids play an
important role in the protection against pathogenic microorganisms, such as bacteria,
fungi and viruses.!>22-24

In this work, in order to tackle the AMR problem in H. pylori, we have investigated the
outcome of the co-crystallization of two antibiotics of the fluoroquinolone class, namely
levofloxacin and ciprofloxacin, with three natural compounds of the flavonoid family:
quercetin, myricetin and hesperetin. Quercetin (QUE) is an important phytochemical, a

flavonol, belonging to the flavonoid group of polyphenols. It is widely distributed in

various fruits, vegetables, beverages as well as in flowers, leaves, and seeds.?> QUE
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possesses many pharmacological activities such as antioxidant,?%?” anticancer,?®?° anti-
inflammatory,3°-32 antimicrobial, 32734 etc. Myricetin (MYR) is a flavonoid of the flavone
type, present as well in many vegetables, fruits, nuts, berries and herbs.3> MYR exhibits
antioxidant properties, free radical-scavenging effects and more beneficial
properties.®®*#2 Hesperetin (HES) is another flavonoid, of the flavanone class.*®* HES
possess different activities as well, such as antioxidant, anti-inflammatory, antimicrobial
and anticarcinogenic.4440

The antibacterial activity and bioavailability of flavonoids are affected by various
parameters, such as molecular conformation, hydrophobicity, solubility, etc.4”4®
However, the exact mechanisms of the antibacterial effects of flavonoids are not clear,
but several mechanisms, such as interference with bacterial DNA synthesis, bacterial
movement, cytoplasmic membrane permeability and the inhibition of bacterial
metalloenzymes, have been proposed.?%334°

As with other phytochemicals, the antimicrobial activity of flavonoids appears
multifactorial while acting against different molecular targets in the pathogen instead
of having one specific action site.??33

Bacterial transcriptional and post-transcriptional regulators (TR and PTR) have emerged
for their significant potential as novel drug targets.”® Targeting a bacterial TR that
controls a cluster of fundamental genes is an example of a specific multitargeting
approach, with high specificity for the pathogens. HsrA, also referred to as HP1043, is a
conserved and essential TR that is involved in the tight regulation of a plethora of
housekeeping and essential genes. This regulator is a response regulator of a two-
component system, but it is an orphan of its cognate sensor histidine kinase. Due to its

involvement in crucial pathways for the viability of the bacterium, HsrA is an optimal
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novel target for antimicrobial drug discovery.>%>? Recent studies have demonstrated
that a group of flavonoids can inhibit HsrA regulatory function resulting in antimicrobial
activity against H. pylori. 4+>3 Therefore, the concept of creating a co-crystal of an
antibiotic with a flavonoid used as co-former is the first example of a multitarget
approach that involves a bacterial TR, essential for the bacterium.

In this work we report the preparation and structural characterization of three co-
crystals of levofloxacin (LEVO) obtained by combining the fluoroquinolone with the
flavonoids quercetin (QUE), myricetin (MYR) and hesperetin (HES), the co-crystal
products obtained will be named LEVO-QUE-EtOH, LEVO-MYR-EtOH and 2LEVO-HES,
respectively. Asingle co-crystal product was obtained in the case of the co-crystallization
of ciprofloxacin with the flavonoid QUE, named CIP-QUE.

LEVO-QUE-EtOH and LEVO-MYR-EtOH received a heating treatment before to be used
for the antimicrobial tests, to ensure that the product tested were completely ethanol
free. In Table 1. are reported the molecular structure diagrams of the compounds used
in this work.

Table 1. Molecular structure diagrams of the fluoroquinolones and flavonoids used in this

work.

FLUOROQUINOLONES

FLAVONOIDS

LEVOFLOXACIN

CIPROFLOXACIN

QUERCETIN

MYRICETIN

HESPERETIN

(\

The stoichiometric ratio, composition, and purity of the products presented herein were

confirmed by *H NMR spectroscopy and thermal analysis (TGA, DSC). (Data for *H NMR
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spectroscopy, TGA and DSC analysis are reported in the Supporting information section
S1 and S2 respectively). A solid-state characterization was also performed for all the co-
crystals discussed herein using X-ray powder diffraction and single crystal X-ray

diffraction (only in the case of LEVO-QUE).

3.3.2 Experimental section
Materials and methods All reagents and solvents used in this work were purchased from

Sigma-Aldrich or TCI Europe and then used without further purification.

3.3.2.1 Solid-state synthesis

All the products were obtained using a 1:1 or 2:1 stoichiometry between the
fluoroquinolone and the flavonoid.

From ball-milling equipment All the co-crystals were synthesized mechanochemically
using a Retsch MM200 Mixer Mill, operated at a frequency of 25 Hz for 2 hours, with 5
mL agate jars and 2 agate balls of 5 mm diameter and ethanol liquid assisted grinding
(LAG) (100 pL). A 1:1 stoichiometry of the reagents was first tried, successfully giving a
novel pure phase of LEVO-QUE-EtOH, LEVO-MYR-EtOH and CIP-QUE. In the single case
of the 2LEVO-HES synthesis, the 1:1 stoichiometry gave an incomplete reaction, with an
excess of the HES component, this suggesting the preference of forming a 2:1 co-crystal.
Then the 2:1 synthesis was performed, using 2 equivalents of the LEVO reagent. In this
condition it was possible to obtain a pure phase of the 22LEVO-HES co-crystal. The
products were left to dry out at room temperature, collected from the jar and analyzed
with XRPD.

From slurry Co-crystals of LEVO-QUE-EtOH, LEVO-MYR-EtOH and CIP-QUE were
synthesized from slurry in ethanol (1 mL) in a 1:1 stoichiometric ratio of the reactants.

For each reactant, 0.5 mmol were used (mass quantities reported in Table 2) and the
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reaction was let to stir at room temperature for 3 days in a 10 mL glass vial closed with
a PE pressure plug, carefully kept in dark to prevent a possible degradation of the
flavonoids. The same procedure was applied for the synthesis of the 2:1 2LEVO-HES co-
crystal in which 0.25 mmol of HES were used instead. The solid products were recovered

and analyzed after filtration and drying.

Table 2. Mass quantities of the materials used in this work (expressed in mg)

Quercetin Myricetin Hesperetin Levofloxacin Ciprofloxacin

mg 151.12 159.12 75.57 180.68 165.67

Synthesis from solution Only one synthetic experiment carried out in the dark at 0°C, in
a 3 mL ethanol solution, gave some crystals of LEVO-QUE that were analyzed. Each
crystal shows the presence of “pockets” filled with a highly disordered ethanol. The
quality of the data obtained from the collection of these crystals was not publishable,
but it was possible to get information about the structure, the co-crystal composition
and the main interactions taking place. All the other attempts to obtain single crystals
suitable for analysis failed due to the incompatible and poor solubility of the reagents,
the instability of the flavonoids in the solution media, fast degradation, light and

temperature sensitivity.

3.3.2.2 Solid-state characterization

Single-crystal X-ray diffraction (SCXRD) Structural data for LEVO-QUE-EtOH were
collected at room temperature with an Oxford Diffraction X'Calibur diffractometer
equipped with a graphite monochromator and a CCD detector. The structures were

solved by the Intrinsic Phasing methods and refined by least squares methods against F?
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using SHELXT-2016 and SHELXL-2018 >* with Olex2 interface.>> Non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were added in calculated positions. The
software Mercury 2020.2.0 >® was used to analyze and represent the crystal packing.
Because of the presence of highly disordered solvent, it was not possible to reach the
desired standard of diffraction data. Nonetheless the experiment allowed to reliably
establish the gross structural features of the co-crystal. All the other attempts to repeat
the co-crystallization of LEVO-QUE failed, making it impossible to recollect single-crystal
data.

Powder X-ray diffraction Room-temperature powder X-ray diffraction patterns were
collected on a PANalytical X'Pert Pro automated diffractometer equipped with an
X’Celerator detector in Bragg-Brentano geometry, using Cu Ka radiation (A = 1.5418 A)
without monochromator in the 3-40° 26 range (step size: 0.033°; time/step: 20 s; Soller
slit: 0.04 rad; anti-scatter slit: %5; divergence slit: %; 40 mA*40 kV).
Variable-temperature X-ray powder diffraction (VT-XRPD) X-ray powder
diffractograms in the 3-40° 26 range were collected, for all the co-crystals discussed in
this work, with a PANalytical X'Pert PRO automated diffractometer, equipped with an
X'Celerator detector and an Anton PaarTTK 450 system for measurements at controlled
temperature. Data were collected in open air in Bragg-Brentano geometry using Cu Ka
radiation, without a monochromator.

Differential scanning calorimetry (DSC) DSC measurements were performed for all the
co-crystals with a Perkin—Elmer Diamond instrument. The samples (3—5 mg) were placed
in sealed aluminium pans, and heating was carried out at 10 °C min! in the temperature

range 30-300°C.
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Thermogravimetric analysis (TGA) TGA measurements for all co-crystals were
performed using a Perkin-Elmer TGA7 instrument in the temperature range 30-300 °C
under an N, gas flow, at a heating rate of 10 °C min.

3.3.2.3 H NMR spectroscopy

All the NMR spectra were recorded for starting materials and products discussed in this
work with a Varian MR400, operating at the frequency of 400 MHz on proton, equipped

with PFG (Pulse Field Gradient) ATB (AutoSwitchable Broadband) Probes.

3.3.2.4 Antimicrobial activity tests

All the tests were performed after confirming the composition of the co-crystals
prepared in this work. Objects of the following test procedures were: LEVO-QUE, LEVO-
MYR (both de-solvated), 2LEVO-HES and CIP-QUE.

The antimicrobial activity of the tested compounds against Helicobacter pylori was
assessed by the broth microdilution method according to CLSI and EUCAST guidelines.
All solutions/suspensions were tested in parallel, using H. pylori G27 strain with different
standard methods to determine their minimal inhibitory concentrations (MICs) and
minimal bactericidal concentrations (MBCs).

Drugs, flavonoids, and co-crystals were tested in 11 progressive concentrations ranging
from 512 to 0.5 pg/mL. Compounds solutions/suspensions were all prepared following
the same procedure: 20 mg of analyte in 10 mL of physiological solution (0.9% NacCl) to
afinal concentration of 2 mg/mL; physical mixtures were prepared simply by mixing drug
dispersions/solution and flavonoid dispersions in stoichiometric ratios.

The antibacterial assay was carried out using a 96-well microtiter plate; the first column
of wells was filled with 100 pL of 2X Brucella broth supplemented with 10% fetal bovine
serum (FBS) and the subsequent columns were filled with 100 pL of 1X Brucella broth
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supplemented with 5% FBS. Then, 100 puL of sample solution/dispersion was added in
the first column, obtaining a concentration of 1 mg/mL. The two-fold serial dilutions
were obtained by taking 100 uL from column 1 and mixing it with 1X broth in column 2
and then proceeding in the same way from column 2 to well 3, and so. The volume
withdrawn from the last column was discarded, leaving 100 pL in all the wells.
Afterwards, 100 uL of bacteria diluted in the same supplemented broth medium was
added in each well to a final concentration of 1.0 x 10> CFU/mL. The whole procedure
resulted in 1:2 serial dilutions ranging from 512 to 0.5 pug/mL from well 1 to well 11.
Negative controls were used to verify that the compounds solutions/suspensions were
not contaminated, while a positive control was added to check for bacterial growth and
fitness. The positive control was used as a comparison to evaluate the MIC and the MBC.
Plates were incubated in a CO2-controlled incubator (9% CO;) at 37 °C and examined
visually after 72h. MIC values were defined as the lowest concentration of compound
that inhibited the visible growth of bacteria after 72h of incubation. For MBC
determinations, 10 plL aliquots of diluted bacterial cultures around the MIC were spotted
on Brucella broth agar supplemented with 5% FBS and incubated for 48h in a 9% CO;
environment at 37 °C. MBC was defined as the lowest concentration of compound that
prevented the growth of 299.9% of H. pylori G27. Each experiment was performed in
triplicate to confirm the results.

3.3.3 Results and Discussion

3.3.3.1 Co-crystallization with levofloxacin

The co-crystallization of levofloxacin with quercetin led to a 1:1 stoichiometric product,
from all the synthetic strategies mentioned in the experimental part: slurry, ball milling

and solution and it was called LEVO-QUE-EtOH. The solution experiment was carried out
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in dark at 0°C to prevent the possible degradation of the flavonoid QUE in the solution
media. Tiny crystals were obtained and analyzed with a single crystal diffractometer.
The data obtained from the collection was not suitable for publication but allowed us to
determine the structural motifs and main intermolecular interactions taking place.

Figure 1. shows how the carboxylic group of LEVO interacts via hydrogen bond with one
—-OH group on the catechol ring of QUE and another -OH on the chromone core of QUE
interacts with one nitrogen on the piperazine ring of LEVO. The chromone core of QUE
also describes a hydrogen bonded dimer of the O-H-:-O type with a chromone core on
another QUE molecule. In terms of graph set notation >’ the hydrogen bonded cycle can
be described as %,R(10), viz. a ten member ring with two hydrogen bond donors and two

acceptor atoms.

QUERCETIN LEVOFLOXACIN
CATECHOL RING o 0
F OH
HO fo] O |
| N
OH ©
PIPERAZINE RING

Scheme 1. Molecular structure diagrams of QUE and LEVO with the main functionalities
involved in the H-bond interactions depicted in bright colors.

Figure 1. Hydrogen bond interactions in LEVO-QUE, disordered EtOH was omitted for clarity.

The hydrogen bond interactions form a continuous pattern, which expands in a 3D
network (see Figure 2). In terms of molecular packing, the -t stacking arrangements

adopted by the aromatic units of LEVO and QUE is particularly noteworthy. The two
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molecules facing each other establish a strong pattern of m-n interactions, with short
interplanar distances between 3.36(1) and 3.39(1) A (Figure 3). This feature is especially
relevant in the contest of this work as it will be instrumental in understanding the

structural features of the other related co-crystals.

Figure 2. Packing view along a, b, c evidencing the H-bond 3D network (dotted lines in light
blue). Disordered EtOH omitted for clarity.

. - :
o ’ 3394 jj 336A

339A\ | 3364 e o i

Figure 3. Focus on the interplanar -7 interactions (dashed black lines) between LEVO and QUE

and a packing overview along the ag-axis, showing the layered structure of LEVO-QUE-EtOH
described by the w-1 stacking arrangements of the two molecules. (LEVO in grey, QUE in yellow).
Hydrogen atoms and ethanol were omitted for sake of clarity.

Thanks to the structural data, it was also possible to analyse the X-ray diffraction pattern

accordingly to the interactions described above. The focus goes again to the m-staking

between LEVO and QUE. In this sense, it was possible to identify in the diffraction

pattern the region of reflections corresponding to the w-interactions of our interest. As

a matter of fact, the diffraction pattern of LEVO and QUE as well as of LEVO-QUE all share
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the same feature, namely strong diffraction peaks in the region 25-27 of 26, which are
diagnostic of the presence of an important n-w interaction corresponding to a spacing in
the range of 3.3(1)-3.5(1) A. In Figure 4. is reported the calculated pattern from X-ray
single crystal data for LEVO-QUE-EtOH, where it is noticeable the presence of diffraction

peaks in the region 25-27 of 26.

M )

T T T T T T T 1
5 10 15 20 25 30 35 40
20/ deg

Figure 4. Calculated X-ray diffraction patter from single-crystal data of LEVO-QUE-EtOH.
Highlighted with a blue circle the region of interest in the pattern.

The presence of this feature in both parent crystals of LEVO and QUE and in the LEVO-
QUE co-crystal as well as in the LEVO-MYR co-crystals (see below) is indicative of the
persistence of this packing motif.

Co-crystals of levofloxacin with myricetin, named LEVO-MYR, were also obtained ina 1:1
stoichiometry from both slurry and ball milling synthetic strategies.

Co-crystals of LEVO-QUE and LEVO-MYR obtained from the slurry experiment were
analyzed with a variable temperature X-ray diffraction experiment (VTXRPD) to check
for a possible change in the crystal phase after the heating treatment. For LEVO-QUE we
observed a phase change starting around 80°C to reach the completeness at 120°C. In
the case of LEVO-MYR the phase-change started already at room temperature and
ended around 120°C. This change in the crystal phase was attributed to the gradual loss

of ethanol and/ water from the LEVO-QUE and LEVO-MYR co-crystals. By comparing the
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XRPD patterns we observed that both the solvate and the de-solvated phase in the case
of LEVO-QUE and LEVO-MYR are isomorphous.

To support this discussion, Figure 5. reports a comparison of the XRPD patterns of the
starting materials LEVO and QUE and the ones of the co-crystal LEVO-QUE-EtOH (a) and
LEVO-MYR-EtOH (b) products obtained via slurry, ball milling, and after the VTXRPD
experiment (named LEVO-QUE and LEVO-MYR), where a change in the crystal phase is
noticeable. It is also possible to observe in LEVO-MYR-EtOH and LEVO-MYR, in the region
between 25-27 = 26, strong diffraction peaks that we assigned to the m-stacking

interactions.

(a) (b)

LEVO-QUE VT 120° C

LEVO-MYR VT 120° C

LEVO-QUE-EtOH BM

LEVO-MYR-EtOH BM
LEVO-QUE-EtOH SLURRY
LEVO-MYR-EtOH SLURRY
lﬂ E ‘!! LEVO
T N T T T T T T T
5

20/ deg 26/ deg

Figure 5. From bottom to top: XRPD patterns of LEVO (in black), QUE (in red), LEVO-QUE-EtOH
(a) and LEVO-MYR-EtOH (b) products from slurry (in blue), LEVO-QUE-EtOH (a) and LEVO-MYR-
EtOH (b) products from ball-milling synthesis (in grey), LEVO-QUE (a) and LEVO-MYR (b) after
VTXRPD, measured at 120°C (in magenta). The circle in dark blue is evidencing the area in the
pattern that corresponds to the m-stacking interactions described above.

Beside sharing similar features in terms of structure, LEVO-QUE-EtOH and LEVO-MYR-
EtOH also show a similar thermal behaviour. In fact, the XRPD patterns of LEVO-MYR
(before and after the VTXRPD experiment) are strictly comparable with the ones of
LEVO-QUE-EtOH and LEVO-QUE respectively. In Figure 6. we report the comparison of
the XRPD patterns for LEVO-MYR-EtOH and LEVO-QUE-EtOH before and after the

VTXRPD experiment.
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LEVO-MYR VT 120° C

LEVO-QUE VT 120° C

LEVO-MYR-EtOH

LEVO-QUE-EtOH

Figure 6. From bottom to top: LEVO-QUE-EtOH (in black) and LEVO- MYR-EtOH (in blue) slurry
products before the VTXRPD experiment, LEVO- QUE and LEVO-MYR after the VTXRPD measured
at 120°C. The circle in blue is evidencing the area in the pattern that corresponds to the nt-
stacking interactions described above.

At variance with the stoichiometry observed with LEVO-QUE and LEVO-MYR, the co-
crystallization of levofloxacin with hesperetin led to a 2:1 stoichiometric product
(2LEVO:1HES) from all synthetic strategies. After trying different stoichiometric ratios,
we were able to confirm by XRPD, 'H NMR spectroscopy and thermal analysis the
chemical composition and purity of the 2LEVO-HES co-crystals. In the 2LEVO-HES co-
crystal two molecules of levofloxacin are interacting with one molecule of hesperetin.
Ideally, by looking at the diffraction pattern, we can propose also for 2LEVO-HES the
presence of the m-stacking interactions between one LEVO and one HES, being present
the strong diffraction peaks around 25-27 = 26. See Figure 7. where the XRPD patterns
of 2LEVO-HES, are compared with those of the starting materials with emphasis on the

peaks discussed above.
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Figure 7. From bottom to top: XRPD patterns of LEVO (in black), HES (in red), 2LEVO-HES product
from slurry (in blue) and 2LEVO-HES product from ball milling synthetic procedure (in grey). The
dark blue circle is outlining the area of the diffraction pattern between 25-27 = 26 of our interest,
corresponding to mt-m stacking arrangements of distances around 3.3(1)-3.5(1) A.

In contrast with the previous cases of LEVO-QUE-EtOH and LEVO-MYR-EtOH, the
VTXRPD experiment carried out for the 2LEVO-HES product from slurry did not show any
event to be mentioned, this proving once again the stable and pure composition of the
co-crystal.

3.3.3.2 Co-crystallization with ciprofloxacin

For the other fluoroquinolone used in this work, ciprofloxacin (CIP), only the co-
crystallization with quercetin gave as result the formation of a novel crystalline phase of
a 1:1 stoichiometry, named CIP-QUE. The other flavonoids, object of this discussion,
seem to be unsuitable to make co-crystals with ciprofloxacin. Various synthetic
approaches were tried, always resulting in a physical mixture of the starting materials.
For CIP-QUE all the solid-state synthetic procedures let to the 1:1 product while the
solution synthesis failed in all the attempt, to be ascribing to the very low solubility of
CIP in a large variety of solvents. The stoichiometric composition was confirmed by 'H
NMR spectroscopy, dissolving a very small amount of material due to the low solubility

of both CIP and CIP-QUE. In the *H NMR spectrum of CIP was also observed the presence
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of some organic impurities that were carried along the synthetic procedures and found
also in the 'H NMR spectrum of the co-crystal product.

Regarding the solid-state characterization of the novel phase, XRPD was used to prove
the formation of a co-crystal. Once again, by analyzing the X-ray diffraction patter, it was
possible to assume the presence of a m-stacking of the kind largely discussed earlier.
Here after, Figure 8. displays the comparison of the XRPD patterns of CIP, QUE and CIP-
QUE co-crystal products from slurry and ball-milling, pointing out the region in the

patterns mentioned above.
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Figure 8. From bottom to top: XRPD patterns of CIP (in black), QUE (in red) CIP-QUE product
from slurry (in blue) and CIP-QUE product from ball-milling synthesis. The circle in dark blue
outlines the region in the pattern between 25-27 = 26 discussed above.

3.3.3.3 Antimicrobial activity

The high MICs for flavonoids against H. pylori G27 strain is in contrast with data
presented in other studies,**>3 where lower values showed high potential for this class
of molecules. However, the antimicrobial activity assays show a possible synergic effect
between the antibiotic and the flavonoid, especially in the case of levofloxacin and the
flavonoids hesperetin and quercetin. MICs obtained were the same for co-crystal and

antibiotic alone, but it should be taken into account the important difference arising
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from the lower quantity of levofloxacin, in terms of moles, present in the co-crystal

suspensions( % ca. of LEVO in LEVO-QUE and % ca. of LEVO in 2LEVO-HES) with respect to

levofloxacin alone.

Interestingly, no significant difference was observed between the co-crystal suspensions
and the physical mixtures. These results may indicate that the two chemicals co-
crystalize when physically mixed under the experimental conditions of the antimicrobial

assays. In Table 3. are reported the MIC and MBC values for each entry considered in

this work.
H. pylori G27
Entry MIC [mg/L] MBC [mg/mL]

2LEVO-HES 1 2
LEVO-QUE 1 2
LEVO-MYR 4 8
CIP-QUE 2 4
LEVO 1 2
CIP 1 2

HES 125 250

QUE 512 512

MYR 250 512
LEVO + HES 1 2
LEVO + QUE 1 2
LEVO + MYR 4 8
CIP + QUE 2 4

Table 3. Minimal inhibitory and bactericidal concentration values of co-crystals, physical
mixtures, and single compounds. H. pylori G27 strain was used to perform the antimicrobial
assays.
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Figure 9. Histogram representation of the minimal inhibitory (a) and bactericidal (b).

In spite of the low antimicrobial activity of the tested flavonoids, the combination with
an antibiotic suitable to form a co-crystal can be a new and advanced approach to
reduce the overall amount of antibiotic used for the treatment, while preserving the

same antimicrobial efficacy on H. pylori infection.

3.3.4 Conclusions

In the need of alternatives to the common drug discovery process, to reduce costs, time
and energy investments, co-crystallization and supramolecular aggregation techniques
are offering us a viable and eco-friendly route to design and prepare novel
pharmaceutical materials with desired modified properties. >%-1

In this work we have reported the preparation and characterization of a series of co-
crystals obtained by co-crystallizing via solid-state green methodologies two antibiotics
of the fluoroquinolone class, namely levofloxacin and ciprofloxacin with three
flavonoids: quercetin, myricetin and hesperetin. As a result, we prepared and
characterized four novel co-crystals, called LEVO-QUE, LEVO-MYR, 2LEVO-HES and CIP-
QUE. These co-crystals were then tested against Helicobacter pylori, a bacterium

included in the list of “priority pathogens”, according to the WHO.*3
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Our strategic multitarget approach resulted in a very interesting outcome. In fact, no
significant difference in the antimicrobial activity was observed between the co-crystal
suspensions and the physical mixtures used as comparison reference, while they
exceptionally preserve, in both cases, the antimicrobial efficacy of the original
antibiotics alone. There could be two possible outcomes to discuss regarding these
peculiar results. First, we can reason about how the presence of the co-former appears
to significantly affect the values of MIC and MBC), needing a lower dose of the antibiotic
to get same effect. And second, the fact that the co-crystal and the physical mixture are
equally performing may indicate that either LEVO and CIP form aggregates with the
flavonoids, under the experimental conditions, resulting in comparable efficacies with
the respective co-crystals, or that the presence of the co-former allows for a different
mechanism of antimicrobial action.

Regarding this inspiring new trend, we call for a more specific biological investigation on
the possible mechanism of action of supramolecular aggregates and co-crystals, to
finally make the first steps into the great mystery that is the relationship between solid-

state chemistry and the biological world.
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1H NMR spectroscopy
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LEVOFLOXACIN: *H NMR (401 MHz, Acetone-ds) & 8.76 (s, 1H), 7.59 (d, J = 12.4 Hz, 1H), 5.02 —
4.94 (m, 1H), 4.70 (dd, J = 11.5, 1.8 Hz, 1H), 4.54 (dd, J = 11.5, 2.3 Hz, 1H), 3.39 (m , 4H), 2.50 (s,
4H), 2.28 (s, 3H), 1.65 (d, J = 6.8 Hz, 3H). H,0: 2.84 (s, 2H).
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QUERCETIN: *H NMR (401 MHz, Acetone-ds) 6 12.17 (s, 1H), 7.83 (s, 1H), 7.70 (d, J = 8.4 Hz, 1H),
7.00 (d, J = 8.5 Hz, 1H), 6.52 (s, 1H), 6.26 (s, 1H), 2.97 (s, 3H).
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MYRICETIN: *H NMR (401 MHz, Acetone-ds) 6 12.16 (s, 1H), 9.70 (s, 1H), 8.10 (d, J = 93.4 Hz, 3H),
7.42 (s, 2H), 6.51 (s, 1H), 6.26 (d, J = 2.1 Hz, 1H), 2.99 (s, 4H — MYRICETIN + H,O/SOLVENT).
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HESPERETIN: *H NMR (401 MHz, Acetone-ds) 6 12.17 (s, 1H), 7.05 (d, J = 1.4 Hz, 2H), 6.98 (d, J =
2.0 Hz, 4H), 5.99 — 5.94 (m, 3H), 5.46 (d, J = 3.1 Hz, 1H), 5.43 (d, J = 3.1 Hz, 1H). -O-CH3 + solvent
impurity :3.87 (s, 5H), SOLVENTS RESIDUES 3.20 — 3.11 (m, 2H), 2.85 (s, 3H), 2.79 — 2.72 (m, 2H).
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CIPROFLOXACIN: analysis of the spectrum incomplete due to the low quality of signals belonging
to CIP and too the presence of impurities covering the signals of interest. H NMR (401 MHz,
Acetone-de) & 8.71 (s, 1H), 7.91 (d, J = 13.6 Hz, 1H), 7.68 (d, J = 7.0 Hz, 1H), 4.01 (d, J = 72.0 Hz, 3H), 3.34
(s, 2H).
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LEVO-QUE-EtOH: *H NMR (401 MHz, Acetone-ds) 6 12.17 (s, 1H), 8.75 (s, 1H), 7.83 (d, J = 2.1 Hz,
1H), 7.70 (dd, J = 8.5, 2.1 Hz, 1H), 7.59 (d, J = 12.4 Hz, 1H), 6.99 (d, J = 8.5 Hz, 1H), 6.52 (d, J= 2.0
Hz, 1H), 6.26 (d, J = 2.0 Hz, 1H), 4.96 (m, 1H), 4.68 (dd, J = 11.5, 1.9 Hz, 1H), 4.52 (dd, J = 11.5,
2.3 Hz, 1H), 3.57 (q, J = 7.0 Hz, 2H), 3.44 — 3.33 (m, 4H), 2.50 (s, 4H), 2.28 (s, 3H), 1.64 (d, /= 6.8
Hz, 3H), EtOH -CH,:3.57 (q, J = 7.0 Hz, 2H), -CH3: 1.12 (t, J = 7.0 Hz, 3H).

155



Levo-Que.H1
Levo-Que

900

12.16
75
83
82
71
70
69
68
60
57
00
98
52
52
26
26
00
99
98
98
97
97
96
96
95
94
94
93
70
70
67
67
54
53
51
51
44
42
41
41
39
38
37
36
36
34
33
51
29

64
63

BRRNRNRRNNN KO GO0 M Fr T T T T T F T T T F T T T M@ MMM Mmoo d d e N o

/O 0\/T\ -~

LEVO 500

OH
F400
HO 0.
‘ OH 300

OH ©
QUE (200
]
| t-100
I I
TR
Lo
T § fiy 4 34 8gd O
r T T T T T T T T T T T T T T
4 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1
f1 (ppm)

LEVO-QUE after VTXRPD : 'H NMR (401 MHz, Acetone-dg) 6 12.16 (s, 1H), 8.75 (s, 1H), 7.83 (d, J
= 2.1 Hz, 1H), 7.70 (dd, J = 8.5, 2.1 Hz, 1H), 7.58 (d, J = 12.4 Hz, 1H), 6.99 (d, J = 8.5 Hz, 1H), 6.52
(d,J = 1.9 Hz, 1H), 6.26 (d, J = 2.0 Hz, 1H), 4.96 (m, 1H), 4.68 (dd, J = 11.5, 1.8 Hz, 1H), 4.52 (dd, J
=11.5, 2.3 Hz, 1H), 3.44 —3.33 (m, 4H), 2.51 (s, 4H), 2.29 (s, 3H), 1.64 (d, J = 6.8 Hz, 3H), 1.28 (s,
1H).
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LEVO-MYR-EtOH: 'H NMR (401 MHz, Acetone-ds) 6 12.15 (s, 1H), 8.75 (s, 1H), 7.59 (d, J = 12.4
Hz, 1H), 7.42 (s, 2H), 6.50 (d, J = 2.0 Hz, 1H), 6.26 (d, J = 2.0 Hz, 1H), 5.01 — 4.92 (m, 1H), 4.68 (dd,
J=11.5,1.9 Hz, 1H), 4.52 (dd, J = 11.5, 2.3 Hz, 1H), 3.38 (m, 4H), 2.51 (s, 4H), 2.29 (s, 3H), 1.64
(d, J = 6.8 Hz, 3H). EtOH -CH,:3.57 (q, J = 7.0 Hz, 0.76H), -CH3:1.12 (t, J = 7.0 Hz, 0.90H).
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LEVO-MYR after VTXRPD 'H NMR (401 MHz, Acetone-ds) 6 12.16 (s, 1H), 8.75 (s, 1H), 7.58 (d, J
= 12.4 Hz, 1H), 7.42 (s, 2H), 6.51 (s, 1H), 6.26 (s, 1H), 5.00 — 4.93 (m, 1H), 4.68 (dd, J = 11.5, 1.8
Hz, 1H), 4.52 (dd, J = 11.6, 2.3 Hz, 1H), 3.45 — 3.32 (m, 5H), 2.55 — 2.49 (m, 4H), 2.29 (s, 3H), 1.64
(d, J = 6.8 Hz, 3H).
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2LEVO-HES before VTXRPD: *H NMR (401 MHz, Acetone-ds) & 12.17 (s, 1H), 8.75 (s, 2H), 7.59 (d,
J=12.4 Hz, 2H), 7.05 (d, J = 1.3 Hz, 1.5H), 6.98 (d, J = 2.1 Hz, 3H), 5.96 (dd, J = 10.5, 2.1 Hz, 2H),
5.46 (d, J = 3.0 Hz, 1H), 5.43 (d, J = 3.0 Hz, 1H), 4.97 (m, 3H), 4.69 (dd, J = 11.5, 1.9 Hz, 2H), 4.53
(dd, J = 11.5, 2.3 Hz, 2H), 3.87 (s, 3H), 3.38 (th, J = 12.1, 4.3 Hz, 8H), 3.16 (dd, J = 17.1, 12.6 Hz,
2H), 2.85 (s, 5H), 2.75 (dd, J = 17.1, 3.1 Hz, 2H), 2.49 (s, 8H), 2.27 (s, 6H), 1.64 (d, J = 6.8 Hz, 6H).
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2LEVO-HES after VTXRPD: 'H NMR (401 MHz, Acetone-ds) 6 12.17 (s, 1H), 8.75 (s, 2H), 7.59 (d, J
=12.4 Hz, 2H), 7.04 (s, 1H), 6.98 (s, 2H), 5.96 (dd, J = 10.5, 2.1 Hz, 2H), 5.44 (dd, J = 12.6, 3.0 Hz,
1H), 4.97 (q, J = 6.8 Hz, 2H), 4.69 (dd, J = 11.5, 1.9 Hz, 2H), 4.53 (dd, J = 11.6, 2.3 Hz, 2H), 3.87 (s,
3H), 3.38 (qt, J = 10.6, 4.3 Hz, 8H), 3.16 (dd, J = 17.1, 12.6 Hz, 2H), 3.07 — 2.79 (m, 4H), 2.75 (dd,
J=17.1,3.1 Hz, 2H), 2.49 (s, 8H), 2.27 (s, 6H), 1.64 (d, J = 6.8 Hz, 6H).
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CIP-QUE before VTXRPD: 'H NMR (401 MHz, Acetone-ds)  12.16 (s, 1H), 8.70 (s, 1H), 7.90 (d, J
= 11.6 Hz, 1H), 7.81 (s, 1H), 7.76 — 7.59 (m, 2H), 7.03 — 6.94 (m, 1H), 6.52 (s, 1H), 6.25 (s, 1H),
3.81 (d, J = 49.0 Hz, 3H), 3.31 (s, 2H), 3.00 (s, 3H), 2.20 (dd, / = 4.5, 2.3 Hz, 1H), 1.88 (p, / = 2.2
Hz, 1H), 1.40 (s, 2H), 1.31 (s, 2H).
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CIP-QUE after VTXRPD: 'H NMR (401 MHz, Acetone-ds) § 12.17 (s, 1H), 8.71 (s, 1H), 7.91 (d, J =
13.2 Hz, 1H), 7.83 (s, 1H), 7.77 — 7.60 (m, 2H), 6.99 (d, J = 8.2 Hz, 1H), 6.53 (s, 1H), 6.27 (s, 1H),
3.96 — 3.84 (m, 1H), 3.76 (s, 2H), 3.32 (s, 2H), 3.02 (s, 3H), 2.21 (dt, J = 4.2, 2.2 Hz, 1H), 1.92 -
1.86 (m, 1H), 1.53 — 1.39 (m, 2H), 1.31 (d, J = 13.0 Hz, 2H).
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Conclusions

The frame of this doctoral project was the synthesis through solid-state methods, and
the characterization and overall performance evaluation, of novel crystalline materials
obtained by combining, with a crystal engineering approach, molecules and/or metal
complexes of known antimicrobial activity.

The increasing concern in the development of antimicrobial resistance is motivating the
qguest for new materials to be used in the battle against pathogens. Co-crystallization,
whether from solution or from mechanochemical solvent-free methods, has been used
to synthesize new materials and/or to enhance the properties of active molecules.
With this idea in mind, the research activity was focused on two main lines

summarized as follows:

1. Design, preparation and characterization of novel metal-based antimicrobials,
whereby organic molecules with known antimicrobial properties are combined
with metal atoms also known to exert antimicrobial action.

2. Design, preparation and characterization of co-crystals obtained by combining
antibacterial APIs (active pharmaceutical ingredients) with natural

antimicrobials.

1. Regarding the first line of my research activity, we have shown that co-crystallization
of antibacterial compounds or GRAS molecules with metal salts is indeed a viable, eco-
friendly, and inexpensive way to obtain new materials with enhanced antibacterial
properties. Indeed, molecular inorganic-organic hybrid compounds obtained by

coordinating organic molecules with metals have been shown to possess enhanced
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antimicrobial properties with respect to those of the separate components on their own

or in physical mixture.

The first systems successfully synthesized by both solution and solid-state methods
(mechanochemically), and structurally characterized, are two novel compounds of the
antibacterial proflavine with ZnCl,, namely ZnCl3(HPF) and [HPF]2[ZnCl4]-H,0.

Crystallization from solution yielded higher purity target products, which were
subsequently utilized for the investigation of the antimicrobial activity. In terms of
antimicrobial activity, the two compounds appear to be 1.5 to 2 times more efficient
towards the pathogen indicator strains with respect to the reagents and towards AgNO3

used as a standard of metal antimicrobial activity.

A second project developed, belonging to the same research line, regards the
preparation, characterization and antimicrobial activity evaluation of novel coordination
polymers obtained by co-crystallizing the amino acids arginine and histidine, as both

enantiopure L and racemic DL forms, with the salts Cu(NOs), and AgNOs.

In this study, the antimicrobial activity has been investigated to explore the effect of
chirality in the cases of enantiopure and racemic forms. The compounds were prepared
by mechanochemical, slurry and solution methods and characterized by X-ray single-
crystal, powder diffraction and, in the cases of the silver compounds, by solid-state NMR
spectroscopy.

The antimicrobial activity of the materials mentioned above was tested by the group of

the Professor Raymond J. Turner, at the University of Calgary, Alberta — Canada.

2. The second line of my research has been focused on the design and characterization

of co-crystals obtained by combining antibacterial APIs (active pharmaceutical
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ingredients) with natural antimicrobials. In this research project we have shown that co-
crystallization provides alternative routes to the synthesis of new materials and/or to
the enhancement of the properties of active molecules. Herein co-crystallization

strategies are applied to approach the problem of the antimicrobial resistance.

For this purpose, the first goal was fulfilled by co-crystallizing the antibiotic ciprofloxacin
(CIP) via slurry and/or ball-milling with carvacrol (CAR) and thymol (THY), natural
products belonging to the GRAS family, also known to exert antimicrobial activity. As a
result, two families of ciprofloxacin cocrystals with carvacrol, CIP-CARn (n =2, 3, 4) and
with thymol, CIP-THYn (n = 2, 4), were obtained and their solid- state characterization
and thermal behaviour was carried out.

The effect of co-crystals formation on the antibiotic activity of ciprofloxacin has also
been evaluated by means of standard antimicrobial tests in the case of CIP-CAR4 and
CIP-THY2 and compared with the results for the pure components and their physical
mixtures. Preliminary antimicrobial testing clearly indicated that cocrystals CIP-CAR4
and CIP-THY2 have a comparable bacteriostatic activity, and that this is significantly
better than the one of ciprofloxacin alone. These results were very encouraging and for

this reason more work was done in this sense, following the same approach.

As a follow up of the previous inspiring results, the second project of this research line
focuses on the co-crystallization of three representatives of the cephalosporin (CEPH)
class of antibiotics, namely, cephalexin (CPX), cefradine (CFD), and cefaclor (CFC) with
thymol (THY) used as a co-former. The co-crystals of CPX, CFD, and CFC with THY,
namely, CPX-THY-2.5H20 forms | and 1l, CFD-THY-2.5H20, and CFC-THY-:4H20,
respectively, were prepared via solid-state synthesis (ball milling/slurry) and/or solution

methods, characterized, and their antimicrobial performance was evaluated.
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Remarkably, the outcome of the experiments carried out with antibiotics of the CEPH
family was at variance with that of ciprofloxacin (CIP) discussed above. The evaluation
of the MIC values for the co-crystals of CEPH with THY showed a systematic inhibition
effect with respect to the activity of CEPH alone and in physical mixture with THY. This
difference has been explained on the basis of a drastic reduction in solubility of the co-
crystals with respect to the pure component, which may affect the permeability of the
bacterial cell membrane.

The multitarget approach used in the previous cases has been finally applied to the case
of the co-crystallization of the antibiotic levofloxacin (LEVO) and ciprofloxacin (CIP) with
the flavonoids quercetin (QUE), myricetin (MYR) and hesperetin (HES) resulted in a very
interesting outcome. In fact, no significant difference in the antimicrobial activity was
observed between the co-crystals and the physical mixtures used as comparison
reference, while they preserve, both co-crystals and physical mixtures, the antimicrobial
efficacy of the original antibiotics alone.

All the antimicrobial tests reported for this section were performed by the research
group of the Professor Vittorio Sambri and collaborators (ciprofloxacin and
cephalosporines with carvacrol and thymol), and the group of the Professor Vincenzo
Scarlato and collaborators (work in progress on levofloxacin and ciprofloxacin with

flavonoids) at the University of Bologna- Italy.

Forward look

This thesis is a “proof of concept”: crystal engineering-based strategies can indeed be
applied to bring solid state chemistry beyond the boundaries of chemistry into the realm
of biology, pharmacology, and medicine. The work of my thesis demonstrated that

potentially useful new materials and drugs can be prepared by simple mixing of know
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compounds and that the combination activates synergistic interactions that can, in some

cases, improve the antimicrobial target properties, as designed.

The diversity of results obtained within the two lines of investigation, whether based on
metal complexes and coordination polymers or on molecular cocrystals formed by
organic molecules and active pharmaceutical ingredients, calls for a deeper and case-
oriented biological investigation on the mechanism of action of co-crystals and
supramolecular aggregates with the microorganisms. In order to be addressed, these
very relevant aspects require expertise in the pharmaceutical and biotechnological
domains, for a better understanding of the factors controlling the different behaviours
evidenced in the studies reported herewith when the co-crystals and coordination

complexes/polymers are brought in contact/proximity of the microorganisms.
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