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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)1,2 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.3,4 

More specifically this thesis will address the threat posed by the increasing antimicrobial 

resistance (AMR) developed by microorganisms, which call for novel therapeutic 

strategies.5,6 Crystal engineering provides new tools to approach this crisis in a greener 

and cost-effective way.3,7,8  

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.1,2 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)3,4 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.5,6 Beyond organic antimicrobial molecules, metal-based antimicrobials are 
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of great interest as new means of dealing with the AMR threat.7 Silver, zinc, copper, and 

other metals have been used for millennia as antimicrobial agents.8,9 In this thesis I 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 10 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.10 This goal 

is usually pursued by co-crystallizing the API with a non-active (GRAS accepted) 

molecule. In more advanced applications, however, the API 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 API are altered with respect to those of the pure 

crystal, but also the pharmaceutical and biological activity may result significantly 

different.11–13  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 
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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.14 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.15,16 Making crystals 

by design is the paradigm of crystal engineering.19 The concept of crystal engineering 

was introduced by Pepinsky in 195519 and further implemented and elaborated by 

Schmidt in20 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”.11  

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. 
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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 π-interactions as well as 

coordination bonds.21,22 The solid-state packing arrangement of the building blocks 

(molecular and/or ionic) can dramatically affect the materials properties.23,24  

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. 22,24,25 In Table 1 are summarized the main intermolecular 

interactions with their corresponding range of energies involved.26,27  

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 

Ionic and dipolar interactions 

ion - ion  200-300 

Ion - dipole  50-200 

dipole - dipole  5-50 

π-interactions  2-50 
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1.2.2 Hydrogen bonding 

Hydrogen bonding is surely the most frequently encountered and most important 

interaction in molecular crystals.28 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. 29 

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 “.30 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.31 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∙∙∙π.32,33 In Figure 1 are depicted 

some strong and moderate hydrogen bond motifs. 
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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. 27 

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.34 The interaction 

energy follows the trend I>Br>Cl>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.34,35 Like hydrogen bonds, halogen 

bonds can be also used to control recognition, self‐assembly, and aggregation processes 

in the solid. 36 The notable energies of certain halogen bonds allow these interactions to 
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prevail over other non-covalent interactions such as dipole–dipole interactions, π–π 

stacking, etc.40 Some of the most common halogen bond kind of interactions are given 

in Figure 2.  

 

 

Figure 2. Common examples of halogen bond motifs. 

1.2.4 Ionic and dipolar interactions  

Ionic and dipolar interactions - ion-ion, ion-dipole, and dipole-dipole interactions - arise 

from the electrostatic interactions between charges.39,40 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.27,41 All these features make these 

interactions extensively exploited in the crystal engineering field for the design of new 

materials.15,18 
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1.2.5 Van der Waals and π-interactions 

Van der Waals and π-interactions are resulting from the direct overlap of regions of 

strong electronic accumulation (lone pairs, π-orbitals) in atoms or molecules. These 

bonds are usually indicated as A ∙ ∙ ∙ B (or π ∙ ∙ ∙ π, Ar ∙ ∙ ∙ Ar), where A and B are the atoms 

(or group of atoms) with strong electronic localization.27,42,43 π-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∙∙∙π interaction is 

formed due to the herringbone arrangement of the molecules, while the OFF mode is 

based on π∙∙∙π interactions between molecules on top of each other (π 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. 44,45 

 

 

 

Figure 3. The aryl edge-face (EF) mode and the aryl offset face-face (OFF) mode. 
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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”.16 The main goal of crystal engineering is to recognize and to use wisely 

supramolecular synthons and intermolecular interactions, in the design of materials.46,47 

In Figure 4 some examples of supramolecular synthons formed via hydrogen bonding 

are represented.48–51 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=OH–O; 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O=C 

hydrogen bonds (8). 

 

Figure 4. Arrangements of supramolecular synthons formed via hydrogen bonds. 
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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. 55 

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.54 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.55 

Besides the above-mentioned supramolecular interactions, other weak intermolecular 

interactions, such as metallophilic interactions between d10 metal ions (e.g copper(I), 

silver(I), gold(I)), can also significantly influence the assembly of a polymeric/ 

supramolecular structure. 56–58 

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.59 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 
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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,60 to single molecule crystals, to 

polymorphs,61–64 solvates,62,65 hydrates,66 salts,67 molecular68–70 or ionic 71–73 co-crystals, 

and solid solutions73,74 depending on the crystallization conditions and/or on the 

presence of other crystallization components. The possible outcomes are represented 

in Scheme 1. 

 

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.).75–80 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.85,86 The main limitation of salts is that the compound of interest must 

contain ionizable (basic or acidic) moieties.87  A different pathway can be the formation 

of a molecular or ionic co-crystal.85 

The definition of co-crystal has been extensively debated in the academic literature over 

the last years.69,70,86 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.86 Similarly, Aakeröy and 

Salmon have proposed the following criteria to define a molecular co-crystal, i.e. (1) only 
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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).68 

Depending on the nature of a co-former, co-crystals can be divided into “molecular” or 

“ionic” co-crystals.75 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, π-π stacking or other weak intermolecular interactions. The term 

“ionic co-crystal” (ICC) was introduced by our research group.87 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).87  To date, the use of the 

term has been extended to define the co-crystals of neutral molecules with organic or 

organic-inorganic salts.88 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”.89 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.90 Sustainable and green chemistry in very simple terms is just a 

different way of thinking about how chemistry and chemical engineering can be done.91 

Mechanochemistry, nowadays, is considered one of the most relevant techniques used 

in the field of green chemistry.92 It is an ancient tool, recently rediscovered to meet the 

demand for clean processes and environmentally friendly solvent-free reaction.93,94 

The term "mechanochemistry" was coined by Ostwald in 1893 and it consists in the 

application of mechanical forces to promote phenomena and chemical reactions. 95,96  

A mechanochemical reaction is defined as “a chemical reaction that is induced by the 

direct absorption of mechanical energy”,93,95 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.97,101,102 

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.98,100,101 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 
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during chemical reactions, even to the point of achieving chemical reactivity under 

solvent-free conditions.98,102,105   

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. 103–105 

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.106 

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. 107–109 

Mechanochemical reactions, nowadays, are mostly performed with a ball milling 

instrument, planetary or vibrating.110,111 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.110,112,113 These forces can promote the activation of many phenomena inside the 



16 
 

milling jars, such as organic reactions,97,100 breaking and rearranging bonds, 101,112 solid 

state transitions and transformations,103,104,106 particle size reduction, crashing, alloying, 

etc. 95,110,114 

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. 

 

                            

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: 

• Single Crystal X-ray Diffraction (SCXRD) is the main technique used for structure 

determination from suitable single crystal samples.  

• 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 

quality to solve the structure using SCXRD, XRPD was applied for this purpose.  

• 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.  

• 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).  

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

sample upon heating.  



18 
 

• 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. 

• Solubility tests were performed to determine the maximum quantity of a compound 

capable of dissolving in a defined amount and type of solvent.  

• 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 (Italy), 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 the in vitro activity of new 

antimicrobials.118,119 

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 ≥99.9%.  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.120 
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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.1 

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.1,2  

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,3 which has become one of the most important challenges in 

pharmacology and modern medicine.4,5 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,1,6 progress has been made in the area of molecular inorganic-

organic hybrid compounds.7,8 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.9 Indeed, the coordination of organic ligands with 

metals, showing antibacterial activities, has proved to be a valid route to tackle 

antimicrobial resistance (AMR).10 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. 

 



29 
 

   References 

(1) Turner, R. J. Metal-Based Antimicrobial Strategies. Microb. Biotechnol. 2017, 10 

(5), 1062–1065. https://doi.org/10.1111/1751-7915.12785. 

(2) Aminov, R. I. A Brief History of the Antibiotic Era: Lessons Learned and Challenges 

for the Future. Front. Microbiol. 2010, 1 (DEC), 134. 

https://doi.org/10.3389/FMICB.2010.00134. 

(3) Lewis, K. Persister Cells: Molecular Mechanisms Related to Antibiotic Tolerance. 

Handb. Exp. Pharmacol. 2012, 211, 121–133. https://doi.org/10.1007/978-3-642-

28951-4_8. 

(4) Antimicrobial resistance. https://www.who.int/news-room/fact-

sheets/detail/antimicrobial-resistance (accessed 2023-01-09). 

(5) Antimicrobial resistance | European Medicines Agency. 

https://www.ema.europa.eu/en/human-regulatory/overview/public-health-

threats/antimicrobial-resistance (accessed 2023-01-09). 

(6) Wright, J. B.; Lam, K.; Burrell, R. E. Wound Management in an Era of Increasing 

Bacterial Antibiotic Resistance: A Role for Topical Silver Treatment. Am. J. Infect. 

Control 1998, 26 (6), 572–577. https://doi.org/10.1053/ic.1998.v26.a93527. 

(7) Haas, K. L.; Franz, K. J. Application of Metal Coordination Chemistry to Explore and 

Manipulate Cell Biology. Chem. Rev. 2009, 109 (10), 4921–4960. 

https://doi.org/10.1021/CR900134A. 

(8) Lemire, J. A.; Kalan, L.; Gugala, N.; Bradu, A.; Turner, R. J. Silver Oxynitrate – an 

Efficacious Compound for the Prevention and Eradication of Dual-Species 

Biofilms. http://dx.doi.org/10.1080/08927014.2017.1322586 2017, 33 (6), 460–

469. https://doi.org/10.1080/08927014.2017.1322586. 

(9) Generally Recognized as Safe (GRAS) | FDA. https://www.fda.gov/food/food-

ingredients-packaging/generally-recognized-safe-gras (accessed 2023-01-09). 

(10) Levy, S. B.; Bonnie, M. Antibacterial Resistance Worldwide: Causes, Challenges 

and Responses. Nat. Med. 2004 1012 2004, 10 (12), S122–S129. 

https://doi.org/10.1038/nm1145. 

 

 

  



30  

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 ZnCl2 

by mechanochemical and solution methods results in the formation of novel compounds 

ZnCl3(HPF) (1) and [HPF]2[ZnCl4]·H2O (2), both containing the proflavinium cation (HPF)+. 

Both compounds show a 50–125% enhanced antimicrobial activity with respect to a 

reference standard of AgNO3, 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]·H2O are characterized by extensive π-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]Cl·2H2O, 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. 

https://dx.doi.org/10.1039/d1ce00612f
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via solid-state interaction 
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X-RAY POWDER DIFFRACTION PATTERNS 
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Figure SI-1. Comparison between the experimental XRPD pattern for PF·H2O (red line) and the pattern 

calculated on the basis of single crystal data from the CSD (PROFLV) (black line). 
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Figure SI-2. Comparison between the experimental pattern for [HPF]Cl·2H2O (red line) and the patterns 

calculated on the basis of single crystal data for [H2PF]Cl2·2H2O (PROFLC) (blue line) and PF·H2O (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.  
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Figure SI-4. Comparison between the calculated pattern for [HPF]2[ZnCl4]∙H2O (2) (black line) and the 

experimental XRPD pattern o f  [HPF]2[ZnCl4]∙H2O as obtained from solution (red line). 
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Figure SI-5. Comparison between the experimental XRPD pattern of ZnCl3(HPF) (1) obtained from solution 

(red line) and the XRPD pattern o f  ZnCl3(HPF) obtained from ball milling (blue line). 

 

 

 

 

Figure SI-6. Rietveld analysis plot of ZnCl3(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]Cl∙2H2O, ZnCl3(HPF) (1) and [HPF]2·[ZnCl4]∙H2O (2). 

  

 

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. 

 

 

 

 

 

 
PF anhydrous [HPF]Cl∙2H2O ZnCl3(HPF) (1)a [HPF]2·[ZnCl4]∙H2O (2) 

Chemical formula C13H11N3 (C13H12N3
+), Cl-, 2H2O ZnCl3(C13H12N3

+) 2(C13H12N3
+), (ZnCl42-), H2O 

Mr /g mol-1 209.25 281.74 382.00 603.71 

Crystal system Orthorhombic Triclinic Triclinic Triclinic 

Space group P212121 P-1 P-1 P-1 

a / Å 5.9524 (6) 7.5170 (5) 12.1724 (1) 8.7727 (4) 

b / Å 10.0773 (9) 12.5737 (10) 9.6326 (3) 10.1439 (5) 

c / Å 17.1337 (14) 15.5867 (10) 6.7045 (1) 16.8688 (9) 

α / ° 90 89.941 (6) 104.8578 (3) 100.796 (4) 

 / ° 90 77.478 (5) 104.4355 (1) 93.143 (4) 

γ / ° 90 75.976 (6) 85.7581 (1) 112.422 (4) 

V / Å3 1027.75 (16) 1393.23 (18) 735.81 (3) 1349.85 (12) 

Z, Z’ 4, 1 4, 2 2, 1 2, 1 

d / mg cm-3 1.352 1.343 - 1.589 

 / mm-1 0.08 0.28 - 1.34 

Measd reflns 3178 9921 - 9389 

Indep reflns 2005 4882 - 4754 

Reflns with I > 2σ(I) 893 2209 - 3296 

Rint 0.046 0.046 - 0.037 

R1 [F2 > 2σ(F2)] 0.071 0.062 - 0.064 

wR(F2) 0.223 0.128 - 0.103 

R_wp - - 0.0389 - 

R_p - - 0.0308 - 

R_exp - -  0.0302 - 

2 - - 1.2921 - 

https://www.ccdc.cam.ac.uk/
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TGA AND DSC DATA 

 

Figure SI-7. TGA trace for PF·H2O. 

 

 

Figure SI-8. DSC trace for PF·H2O from 25°C to 120°C. 

 

Figure SI-9. DSC trace for PF·H2O from 200°C to 300°C. 

PF H2O 

PF H2O 

PF H2O 
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Figure SI-10. TGA trace for ZnCl3(HPF) (1). 

 

 

Figure SI-11. DSC trace for ZnCl3(HPF) (1). 

 

Figure SI-12. TGA trace for [HPF]2[ZnCl4]∙H2O (2).  
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Figure SI-13. DSC trace for [HPF]2[ZnCl4]∙H2O (2). 
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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·AgNO3, proflavine·CuCl, ZnCl3[Proflavinium], [Proflavinium]2[ZnCl4]·H2O, and 

[Proflavinium]3[Ga(oxalate)3]·4H2O. 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. 

 

https://dx.doi.org/10.1021/acsabm.2c00404
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2.2.1 Supporting information 

Comparison of antimicrobial and antibiofilm activity of Proflavine co-crystallized with 

Silver, Copper, Zinc, and Gallium salts. 

 

Andrii Lekhan,a Cecilia Fiore,b Oleksii Shemchuk,c Fabrizia Grepioni,b Dario Braga,b* 

Raymond J. Turnera* 

 

a Department of Biological Sciences, University of Calgary, Calgary, Alberta, Canada, T2N 1N4. 

b Dipartimento di Chimica “Giacomo Ciamician”, Università di Bologna, Via Selmi 2, 40126 

Bologna, Italy. 

c Institute of Condensed Matter and Nanosciences, Université Catholique de Louvain, Place 

Louis Pasteur 1, 1348 Louvain-la-Neuve, Belgium. 
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Table S1: Minimal Inhibitory Concentrations (mg/mL) 

 

 

Antimicrobial agent 
 
Compound code 

P. 
aeruginosa 

E. coli S. aureus 

AgNO3 1 0.01 0.01 0.01 

CuCl2 2 0.56 ± 0.27 0.38 1.5 

ZnCl2 3 0.75 0.28 ± 0.13 0.09 

Ga(NO3)3 4 0.13 ± 0.06 3.13 1.56 

K3[Ga(ox)3]·3H2O 5 0.09 12 12 

K2[Ga2(ox)2(OH)2]·2H2O 6 0.05 12 12 

PF 7 0.14 ± 0.07 0.09 0.375 

PF·AgNO3 CC-1 0.05 0.01 0.07 ± 0.03 

PF·CuCl CC-3 0.05 0.07 ± 0.03 0.19 

ZnCl3[HPF] CC-5 0.05 0.05 0.09 

[HPF]2[ZnCl4]·H2O CC-6 0.01 0.05 0.09 

[HPF]3[Ga(ox)3]·4H2O CC-7 0.02 ± 0.02 0.05 0.06 ± 0.03 
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Table S2. Minimal biocidal concentrations (mg/mL)  
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N/D. not determined. 

Antimicrobial agent 
Compound 

code 
P. 

aeruginosa 
E. coli S. aureus 

AgNO3 1 0.05 0.01 0.05 ± 0.02 

CuCl2 2 0.75 0.03 ± 0.02 6.25 ± 1.5 

ZnCl2 3 1.5 1.25 ± 0.75 0.56 ± 0.27 

Ga(NO3)3 4 1.5 6.25 6.25 ± 1.5 

K3[Ga(ox)3]·3H2O 5 1.5 ± 0.25 12 12 

K2[Ga2(ox)2(OH)2]·2H2O 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]·H2O CC-6 1.25 ± 0.75 0.56 ± 0.27 0.56 ± 0.27 

[HPF]3[Ga(ox)3]·4H2O CC-7 0.75 0.28 ± 0.13 0.56 ± 0.27 
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Table S3: Minimal Biofilm Inhibition Concentrations (mg/mL). 

 
   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antimicrobial agent 
 
Compound code 

P. 
aeruginosa 

E. coli S. aureus 

AgNO3 1 0.01 0.01 0.01 

CuCl2 2 0.56 ± 0.27 0.28 ± 0.13 1.5 

ZnCl2 3 0.75 0.28 ± 0.13 0.09 

Ga(NO3)3 4 0.2 0.78 6.25 

K3[Ga(ox)3]·3H2O 5 0.09 12 12 

K2[Ga2(ox)2(OH)2]·2H2O 6 0.19 12 12 

PF 7 0.75 0.05 ± 0.04 0.03 ± 0.02 

PF·AgNO3 CC-1 0.05 0.01 0.01 

PF·CuCl 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]·H2O CC-6 0.38 0.03 ± 0.02 0.01 

[HPF]3[Ga(ox)3]·4H2O 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(NO3)2 and AgNO3 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).

https://doi.org/10.3390/ijms24065180
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2.3.1 Supporting information 

Mechanochemical preparation, solid-state characterization, and antimicrobial 
performance of copper and silver nitrate coordination polymers with L-and DL-
arginine and histidine.  
 
Cecilia Fiore1, Andrii Lekhan2, Simone Bordignon3, Michele R. Chierotti3, Roberto 

Gobetto3*, Fabrizia Grepioni1, Raymond J. Turner2* and Dario Braga3* 

1Dipartimento di Chimica “Giacomo Ciamician”, University of Bologna, Via Selmi, 2 – 40126 

Bologna – Italy. 
2Department of Biological Sciences, University of Calgary, 2500 University Drive NW, Calgary, 

Alberta T2N 1N4 – Canada. 
3Department of Chemistry and NIS Centre, University of Turin, Via P. Giuria, 7 – 10125 Torino – 

Italy. 
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CRYSTALLOGRAPHIC DATA 

 

 

 

  

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

 L-Arg·Cu DL-Arg·Cu L-His·Cu DL-His·Cu 

Chemical formula C6H14N6O8Cu·H2O C6H14N6O8Cu·H2O C6H9N5O8Cu·H2O C6H9N5O8Cu·H2O 

Mr /g mol-1 379.79 379.79 720.61 360.74 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21 P21/c P21 P21/c 

a / Å 10.0142 (2) 13.4092 (7) 9.9964 (4) 12.9972 (12) 

b / Å 10.7768 (2) 10.7584 (4) 9.9530 (4) 9.8254 (5) 

c / Å 13.4634 (3) 10.0233 (4) 12.2937 (5) 10.0294 (8) 

α / ° 90 90 90 90 

 / ° 100.950 (2) 100.181 (4) 97.009 (4) 104.187 (8) 

γ / ° 90 90 90 90 

V / Å3 1426.53 (5) 1423.21 (11) 1214.02 (8) 1241.72 (17) 

Z, Z’ 4, 2 4, 1 2, 1 4, 1 

d / mg cm-3 1.768 1.773 1.970 1.930 

 / mm-1 1.59 1.59 1.86 1.82 

Measd reflns 11944 6492 6121 9894 

Indep reflns 6517 3294 4125 3018 

Reflns with I > 2σ(I) 5706 2581 3613 2732 

Rint 0.026 0.031 0.035 0.033 

R1 [F2 > 2σ(F2)] 0.042 0.050 0.062 0.100 

wR(F2) 0.075 0.121 0.163 0.240 
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TGA AND DSC DATA  
Table S2. TGA and DSC results. 
 

L-Arg·Ag (IWOFUX) 

TGA 
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DSC  
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SOLID-STATE NMR 

 

 
 
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: 15N (60.8 MHz) CPMAS spectra of L-Arg·Ag and pure L-Arg, 
acquired at a spinning speed of 12 kHz at room temperature. 

 
 

 

DL-His·Cu 

TGA 

 
DSC 
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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: 15N (60.8 MHz) CPMAS spectra of DL-Arg·Ag and pure DL-
Arg, acquired at a spinning speed of 12 kHz at room temperature. 
 
 

 

 
 

Figure S3C. Top: 13C (150.9 MHz) CPMAS spectra of L-His·Ag, L-His2·Ag and pure L-His, acquired at a 
spinning speed of 20 kHz at room temperature; bottom: 15N (60.8 MHz) CPMAS spectra of L-His2·Ag and 
pure L-His, acquired at a spinning speed of 12 kHz at room temperature. 
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Figure S3D. Top: 13C (150.9 MHz) CPMAS spectra of DL-His·Ag, DL-His2·Ag and pure DL-His, acquired at a 
spinning speed of 20 kHz at room temperature; bottom: 15N (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. 13C and 15N 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 chemical shift (ppm) 

179.9 186.5 175.6 176.2 

178.7 184.3 138.1 137.7 

158.1 159.5 135.4 134.9 

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 35.4   

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. 13C and 15N 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 J109AgN and J107AgN. 

 

L-Arg·Ag DL-Arg·Ag L-His·Ag L-His2·Ag DL-His·Ag DL-His2·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 29.4 132.5 
   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 

 

 

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.1 

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 API with another API or active molecule, thus forming 

a drug-drug (or co-drug) co-crystal.3 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.4  

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·CAR4 appears to be the most stable phase, where the 

intermediate phases CIP·CAR3 and CIP·CAR2 have been isolated by stepwise loss of CAR. 

In the case of THY, the 1:2 cocrystal CIP·THY2 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·THY2 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. 

 

https://dx.doi.org/10.1021/acs.cgd.0c00900
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3.1.1 Supporting information 

Natural antimicrobials meet a synthetic antibiotic: carvacrol/thymol and ciprofloxacin 

cocrystals as a promising solid-state route to activity enhancement. 
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a Dipartimento di Chimica “Giacomo Ciamician”, Università di Bologna, Via Selmi, 2 – 40126 Bologna – 

Italy. 
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CRYSTALLOGRAPHIC DATA 

Table SI-1. Crystal data and details of measurements 

 CIP·CAR4 CIP·THY4 CIP·THY2 

Formula C17H18FN3O3·4(C10H14O)  C17H18FN3O3·4(C10H14O)  C17H18FN3O3·2(C10H14O) 

Fw (g mol-1) 932.19 932.19 631.77 

T / K 293 (2) 250 (2) 293 (2) 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/n P21/n 

Z, Z’ 4, 1 4, 1 4, 1 

a (Å) 17.2650 (12)  18.3044 (7) (1) 24.0906 (8) 

b (Å) 18.2944 (11)  13.1847 (9) (1) 13.7891 (5) 

c (Å) 18.0447 (10)  22.3769 (8) (1) 10.5350 (3) 

α (°) 90.0 90.0 90.0 

β (°) 107.480 (7) 99.509 (4) 91.068 (3) 

γ (°) 90.0 90.0 90.0 

V (Å3) 5436.3 (6) 5326.2 (5) 3498.98 (19) 

Rwp - - 0.065 

Rp - - 0.049 

Rexp - - 0.036 

χ2 - - 1.84 

d (mg cm-3) 1.139 1.163 - 

 (mm-1) 0.08 0.08 - 

Measd reflns 23800 24732 - 

Indep reflns 12454 12361 - 

Reflns  [I > 2σ(I)] 5294 4119 - 

Rint 0.035 0.072 - 

R[F2 > 2σ(F2)] 0.068 0.079 - 

wR(F2) 0.178 0.159 - 
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Rietveld refinement 

 

 

Figure SI-1. Rietveld analysis plot of CIP∙THY2. Red line is the calculated diffractogram, blue line 

is the observed diffractogram and grey line is the difference plot. Y-axis is reported as √𝑦. 
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X-RAY POWDER DIFFRACTION PATTERNS 

5 10 15 20 25 30 35 40

2 / 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. 

5 10 15 20 25 30 35 40

2 / deg
5 10 15 20 25 30 35 40

2 /deg  

5 10 15 20 25 30 35 40

2 /deg
5 10 15 20 25 30 35 40

2 /deg  
Figure SI-3. VT-XRPD for CIP·CAR4. (top left) Release of one CAR molecule and transformation of 

CIP·CAR4 (black line, RT) into CIP·CAR3 (red, 80 °C); (top right) release of a second CAR molecule 

and transformation of CIP·CAR3 (red, 80 °C) into CIP·CAR2 (blue, 100 °C); (bottom left) Complete 

removal of CAR molecules from CIP·CAR2 (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

2 / deg  
Figure SI-4. Comparison between the experimental (red), room temperature XRPD pattern of 

CIP·THY4, 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). 

 

5 10 15 20 25 30 35 40

2 / deg
 

Figure SI-5. Variable temperature XRPD measurements for CIP·THY4. Upon heating, thymol is 

released in two steps: the room temperature form (red) transforms into CIP·THY2 (blue) at 70 °C, 

and into pure CIP (black) above 135 °C.  
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DSC AND TGA DATA 

 

 
Figure SI-6. DSC trace for CIP. 

 

 

 
 

 
 

Figure SI-7. DSC traces (the second expanded horizontally) for CIP·CAR4 
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Figure SI-8. DSC trace for CIP·THY4. 

 

 

 
Figure SI-9. DSC trace for CIP·THY2. 

 

 

 
 

Figure SI-10. DSC trace for CIP·CAR3. 

 



 

107  

 
Figure SI-11. DSC trace for CIP·CAR2. 

 

 

 
Figure SI-12. TGA trace for CIP. 

 

 

 

 
Figure SI- 13. TGA traces for CIP·CAR4. Note how only one large mass release (ca. 63%) 

corresponding to the weight of four molecules of carvacrol is observed. 
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Figure SI-14. TGA trace for CIP·THY2. 

 

 

 
Figure SI-15. TGA trace for CIP·CAR3. 

 

 

 
Figure SI-16. TGA trace for CIP·CAR2. 
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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·2.5H2O form I and form II, CFD· THY·2.5H2O, and CFC·THY·4H2O. 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 I of CPX·THY·2.5H2O, 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. 

 

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

Inhibition of antibiotic activity of cephalosporines by cocrystallization with thymol 

 

Cecilia Fiore,a) Alessandra Baraghini,e) Oleksii Shemchuk,b) Vittorio Sambri,c,d) Manuela 

Morotti,c)  Fabrizia Grepioni,a) Dario Bragaa)*  

 
a Dipartimento di Chimica “Giacomo Ciamician”, Università di Bologna, Via Selmi, 2 – 40126 

Bologna – Italy. 
b  Institute of Condensed Matter and Nanosciences, UCLouvain, 1 Place Louis Pasteur, B-1348 

Louvain-la-Neuve, Belgium 
c U.O. Microbiologia - Laboratorio Unico Centro Servizi AUSL Romagna, Pievesestina (FC), Italy 
d Dipartimento di Medicina Specialistica, Diagnostica e Sperimentale Università di Bologna, Via 

Massarenti 9, 40138 Bologna, Italy. 
e Dipartimento di Farmacia e Biotecnologie “FABIT”, Università di Bologna, Via Belmeloro 6, 

40126 Bologna, Italy.      
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X-RAY POWDER DIFFRACTION PATTERNS 

5 10 15 20 25 30 35 40

2/ deg  

Figure SI-1. XRPD pattern of Cephalexin reagent as purchased from Tokyo Chemical 
Industry (TCI). 

5 10 15 20 25 30 35 40

2 / deg  
Figure SI-2. XRPD pattern of Cefradine reagentas  purchased from Tokyo Chemical 

Industry (TCI). 

5 10 15 20 25 30 35 40

2 / deg  

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·4H2O, CPX·THY·2.5H2O form 

I, and CPX·THY·2.5H2O form II. 

 

 

https://www.ccdc.cam.ac.uk and have been allocated the accession numbers CCDC 
2125511-2125513. 

 
CFC·THY·4H2O CPX·THY·2.5H2O  

form I 

CPX·THY·2.5H2O  

form II 

Chemical formula C15H14ClN3O4S·C10H14O  

·4H2O 

C16H17N3O4S·C10H14O  
·2.5H2O 

C16H17N3O4S·C10H14O 
·2.5H2O 

Mr /g mol-1 590.08 542.64 542.64 

Crystal system triclinic monoclinic monoclinic 

Space group P1 P21 P21 

a / Å 7.0028(5) 17.3012(15) 12.6380(12) 

b / Å 13.3272(8) 7.0697(5) 14.6478(14) 

c / Å 17.2598(11) 22.9330(16) 15.5629(14) 

α / ° 73.450(5) 90 90 

 / ° 85.474(5) 93.416(7) 102.464(9) 

γ / ° 75.071(6) 90 90 

V / Å3 1491.94(18) 2800.0(4) 2813.1(5) 

Z, Z’ 2, 1 4, 2 4, 2 

T / K 298 298 100 

d / mg cm-3 1.314 1.00 1.281 

 / mm-1 0.25 0.17 0.16 

Measd reflns 22403 23383 13691 

Indep reflns 13809 12900 7730 

Reflns with I > 

2σ(I) 

7873 6612 6546 

Rint 0.047 0.041 0.043 

R1 [F2 > 2σ(F2)] 0.083 0.066 0.057 

wR(F2) 0.239 0.108 0.131 

file:///C:/Users/fabrizia.grepioni/AppData/Roaming/Microsoft/Word/cpx_thymol_1%20_diffrn_reflns_number
file:///C:/Users/cecyf/Dropbox/Cecilia%20Fiore/Cephalosporins/000-paper_thymol/cpx_thymol_1%20_reflns_number_total
file:///C:/Users/cecyf/Dropbox/Cecilia%20Fiore/Cephalosporins/000-paper_thymol/cpx_thymol_1%20_reflns_number_gt
file:///C:/Users/fabrizia.grepioni/AppData/Roaming/Microsoft/Word/cpx_thymol_1%20_refine_ls_R_factor_gt
file:///C:/Users/cecyf/Dropbox/Cecilia%20Fiore/Cephalosporins/000-paper_thymol/cpx_thymol_1%20_refine_ls_wR_factor_ref
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ANTIMICROBIAL TESTS 

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

Gram Positive Bacteria CFD CFD+THY 

physical mixture 

CFD·THY·2.5H2O % increase 

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 

physical mixture 

CFD·THY·2.5H2O % increase 

Enterobacter cloacae 64 256 512 413 

Enterobacter aerogenes 8  512b  512b  4004 

Escherichia coli ESL+ 64 256  512b  413 

Salmonella cholaeresuis 16 32 512 1952 

Hafnia alvei 256 512 512 28 

Morganella morganii 8 512 512 4004 

Proteus mirabilis ESL+a 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 

physical mixture 

CPX·THY·2.5H2O % increase  

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 

physical mixture 

CPX·THY·2.5H2O % increase  

Citrobacter freundii 16 32 64 156 
Enterobacter cloacae 128 256 512 156 
Eschericchia coli  4 16 16 156 
Eschericchia coli ESL+c 32 256 512 924 

Klebsiella oxytoca 4 8 8 28 
Salmonella cholaeresuis 8 16 32 156 
Hafnia alvei 4 128  512b  8093 
Morganella morganii 4 512 512 8093 
Proteus mirabilis ESL+c 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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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; (c) ESL+ stands for extended spectrum 

-lactamase. 
 
 
 
 

  

Gram Positive Bacteria CFC CFC+THY 

physical mixture 

CFC·THY·4H2O 
 

% increase 

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 

physical mixture 

CFC·THY·4H2O % increase  

Citrobacter koseri 64 64 128 24 

Escherichia coli ESL+a 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 ESL+a 16 512  512b  1948b 
Proteus mirabilis 8 256  512b  3996b 
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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. pylori infection indeed.1,2 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.4,5 

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.6–9 In recent studies was observed that the efficacy of levofloxacin-

containing therapy is decreasing, most likely due to increased primary resistance.3,10  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.11,12 
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The World Health Organization (WHO)13 and the World Gastroenterology Organization 

(WGO)14 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.15  

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.16,17 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.18,19  

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.20,21 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.15,22–24 

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.25 QUE 
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possesses many pharmacological activities such as antioxidant,26,27 anticancer,28,29 anti-

inflammatory,30–32 antimicrobial,32–34 etc. Myricetin (MYR) is a flavonoid of the flavone 

type, present as well in many vegetables, fruits, nuts, berries and herbs.35 MYR exhibits 

antioxidant properties, free radical-scavenging effects and more beneficial 

properties.36–42 Hesperetin (HES) is another flavonoid, of the flavanone class.43 HES 

possess different activities as well, such as antioxidant, anti-inflammatory, antimicrobial 

and anticarcinogenic.44–46 

The antibacterial activity and bioavailability of flavonoids are affected by various 

parameters, such as molecular conformation, hydrophobicity, solubility, etc.47,48 

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.22,33,49 

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.22,33  

Bacterial transcriptional and post-transcriptional regulators (TR and PTR) have emerged 

for their significant potential as novel drug targets.50 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.50–52 Recent studies have demonstrated 

that a group of flavonoids can inhibit HsrA regulatory function resulting in antimicrobial 

activity against H. pylori. 44,53 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. A single 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. 

 

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

confirmed by 1H NMR spectroscopy and thermal analysis (TGA, DSC). (Data for 1H NMR 

FLUOROQUINOLONES  FLAVONOIDS   

LEVOFLOXACIN  CIPROFLOXACIN QUERCETIN MYRICETIN HESPERETIN 
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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 μL). 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) 

 

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 F2 

 Quercetin Myricetin Hesperetin Levofloxacin Ciprofloxacin 

mg 151.12 159.12 75.57 180.68 165.67 
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using SHELXT-2016 and SHELXL-2018 54 with Olex2 interface.55 Non-hydrogen atoms 

were refined anisotropically. Hydrogen atoms were added in calculated positions. The 

software Mercury 2020.2.0 56 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 Kα radiation (λ = 1.5418 Å) 

without monochromator in the 3-40° 2θ range (step size: 0.033°; time/step: 20 s; Soller 

slit: 0.04 rad; anti-scatter slit: ½; divergence slit: ¼; 40 mA*40 kV).  

Variable-temperature X-ray powder diffraction (VT-XRPD) X-ray powder 

diffractograms in the 3−40° 2θ 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 Kα 

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-1 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 N2 gas flow, at a heating rate of 10 °C min-1. 

3.3.2.3 1H 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 µg/mL. Compounds solutions/suspensions were all prepared following 

the same procedure: 20 mg of analyte in 10 mL of physiological solution (0.9% NaCl) to 

a final 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 μL of 2X Brucella broth supplemented with 10% fetal bovine 

serum (FBS) and the subsequent columns were filled with 100 μL of 1X Brucella broth 
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supplemented with 5% FBS. Then, 100 μL 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 μL 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 μL in all the wells. 

Afterwards, 100 μL of bacteria diluted in the same supplemented broth medium was 

added in each well to a final concentration of 1.0 x 105 CFU/mL. The whole procedure 

resulted in 1:2 serial dilutions ranging from 512 to 0.5 μg/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% CO2) 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 μL 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% CO2 

environment at 37 °C. MBC was defined as the lowest concentration of compound that 

prevented the growth of ≥99.9% 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 57 the hydrogen bonded cycle can 

be described as 22R(10), viz. a ten member ring with two hydrogen bond donors and two 

acceptor atoms. 

 

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 - 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  -  interactions, with short 

interplanar distances between 3.36(1) and 3.39(1) Å (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. 

 

 

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

and a packing overview along the a-axis, showing the layered structure of LEVO-QUE-EtOH 

described by the - 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 -staking 

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

pattern the region of reflections corresponding to the -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 2𝜃, which are 

diagnostic of the presence of an important - interaction corresponding to a spacing in 

the range of 3.3(1)-3.5(1) Å. 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 2𝜃. 

 

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 in a 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 = 2𝜃, strong diffraction peaks that we assigned to the -stacking 

interactions. 

   

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 -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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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 -

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, 1H 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 -stacking interactions between one LEVO and one HES, being present 

the strong diffraction peaks around 25-27 = 2𝜃. 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 = 2𝜃 of our interest, 

corresponding to - stacking arrangements of distances around 3.3(1)-3.5(1) Å. 

 

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 1H 

NMR spectroscopy, dissolving a very small amount of material due to the low solubility 

of both CIP and CIP-QUE. In the 1H 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 1H 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 -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.  

 

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 = 2𝜃 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,44,53 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( 1

2
 ca. of LEVO in LEVO-QUE and 2

3
 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. 

Entry 

H. pylori G27 

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. 58–61 

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.13 
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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  

 

LEVOFLOXACIN: 1H NMR (401 MHz, Acetone-d6) δ 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). H2O: 2.84 (s, 2H). 

 

 

QUERCETIN:  1H NMR (401 MHz, Acetone-d6) δ 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: 1H NMR (401 MHz, Acetone-d6) δ 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 + H2O/SOLVENT). 

 

 

HESPERETIN: 1H NMR (401 MHz, Acetone-d6) δ 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.  1H NMR (401 MHz, 

Acetone-d6) δ 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). 

 

LEVO-QUE-EtOH: 1H NMR (401 MHz, Acetone-d6) δ 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, J = 6.8 

Hz, 3H),  EtOH -CH2 :3.57 (q, J = 7.0 Hz, 2H), -CH3: 1.12 (t, J = 7.0 Hz, 3H). 
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LEVO-QUE after VTXRPD : 1H NMR (401 MHz, Acetone-d6) δ 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). 

 

LEVO-MYR-EtOH: 1H NMR (401 MHz, Acetone-d6) δ 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 -CH2 :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 1H NMR (401 MHz, Acetone-d6) δ 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). 

 

 

2LEVO-HES before VTXRPD: 1H NMR (401 MHz, Acetone-d6) δ 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: 1H NMR (401 MHz, Acetone-d6) δ 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). 

 

 

CIP-QUE before VTXRPD: 1H NMR (401 MHz, Acetone-d6) δ 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, J = 4.5, 2.3 Hz, 1H), 1.88 (p, J = 2.2 

Hz, 1H), 1.40 (s, 2H), 1.31 (s, 2H). 
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CIP-QUE after VTXRPD: 1H NMR (401 MHz, Acetone-d6) δ 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 

quest 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 ZnCl2, namely ZnCl3(HPF) and [HPF]2[ZnCl4]·H2O.  

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(NO3)2 and AgNO3. 

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·2.5H2O forms I and II, CFD·THY·2.5H2O, and CFC·THY·4H2O, 

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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