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Tackling environmental and health issues via
crystal engineering of metal complexes

Laura Contini, 2 Fabrizia Grepioni (2* and Dario Braga

This highlight reports results obtained by the group of Molecular Crystal Engineering at the University of
Bologna by applying crystal engineering strategies to tackle two fundamental contemporary challenges of
mankind, namely the antimicrobial resistance developed by pathogens as a consequence of misuse/
overuse of antibiotics and, from a relatively distant but connected area, the need to inhibit urea
degradation by soil enzymes to improve agricultural produce while decreasing environmental pollution.
These two targets have been pursued by preparing and characterizing a series of co-crystals obtained by
combining active organic molecules (antimicrobials, fertilizers, enzyme inhibitors) with coordination
compounds of metals such as Zn, Cu, Ga, Ag, and Bi. Most compounds described in the following have
been obtained by mechanochemically activated reactions between organic active molecules and
coordination compounds, a method that also eliminates or reduces significantly the use of solvents. The
characterization of the products has been carried out with a combination of solid-state techniques like
X-ray diffraction, calorimetry, and thermogravimetry. The properties of all compounds have also been
tested via collaborative efforts with expert research groups in Canada, USA, Germany and ltaly to verify if
the co-crystals obtained could, respectively, improve the activity of known organic antimicrobial agents or
inhibit the activity of soil enzymes such as urease and ammonia monooxygenase responsible for urea
degradation.

Crystal engineering seeks to create materials suited to specific
applications by assembling in
supramolecular interactions, molecular or ionic building
blocks  possessing defined physico-chemical-biological
attributes.' Within this framework, the preparation of co-
crystals—i.e., the solid-state association of two or more
components, each possessing crystalline phases under
standard  conditions—represents a  crystal-engineering
synthetic approach, in which reactants are brought together
to yield crystalline materials with their own distinct
characteristics and properties.*™® In such a way, co-
crystallisation enables the incorporation, within a single
crystalline phase, of an active ingredient, such as a
pharmaceutical or a fertilizer, together with a chaperone or
carrier, in order to enhance physico-chemical behaviour or
impart new properties relative to those of the parent
components.'®™® Consequently, when applied to materials
destined for human and animal health or the food sector, co-
crystal design has emerged as one of the most powerful
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synthetic strategies for addressing current
challenges.®”""13716
This highlight focuses on crystal-engineering approaches
the solid state, via  involving coordination compounds. Although crystal

engineering originated within the organic chemistry field, it
has since expanded across the full breadth of chemical
science and beyond."”'® The interplay between the physico-
chemical features of the building blocks—whether neutral or
charged, organic or inorganic—and their periodic
arrangement in the crystal ultimately determines the
collective properties of the resulting materials.’®?° The same
reasoning applies to the synthesis of coordination
compounds, coordination polymers, and metal-organic
frameworks (MOFs).”’* In coordination chemistry the
possible combinations of ligand geometry and topology with
metal-centre  coordination virtually
limitless,”® as is their impact across numerous fields of
application.?®®” The attribution of the 2025 Nobel Prize for
Chemistry to R. Robson, S. Kitagawa and O. Yaghi for their
work on coordination polymers and metal-organic
frameworks is the most evident recognition of such impact.*®

Here, we consider two specific domains in which crystal
engineering has been applied to coordination chemistry.
Before doing so, it is helpful to revisit the topological
distinctions between molecular crystals and coordination

environments are
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Fig. 1 From a single molecule to multiple crystal forms.

polymers. Taking molecular crystals as a starting point
(Fig. 1), an active molecule may crystallize as a single-entity
phase, ie., a crystal composed solely of the molecule of
interest, or it may associate with a solvent to give a solvate,
with a counterion to form a salt, or with a coformer (a
substance solid under ambient conditions) to generate a co-
crystal. The co-crystal may itself form a solvate or a salt, and
these may in turn also be solvated.>'"***° Such diversity
defines the landscape of crystal forms that crystal
engineering investigates. Each crystal form bears, within its
supramolecular  architecture, certain  physico-chemical
features of the active molecule, modulated by interactions
with solvent, ions, and/or other molecules. These molecule-
based crystal forms may find use across an extensive range of
applications.

Within the context of this highlight, the term “molecule”
is employed broadly, encompassing coordination compounds
in which ligands—typically organic molecules—coordinate
metal centres to yield species with distinct properties.

However, we also include coordination polymers and
networks, arising from through-space extension in one
dimension (linear polymers), two dimensions (layered

coordination frameworks), or three dimensions (metal-
organic frameworks) of the structural nodes of the crystal
architecture.’*™** These topologies may likewise afford
solvates or capture/release guest molecules, thereby enabling
a broad palette of properties and applications.**™° A detailed
treatment of these classes is beyond the scope of the present
article.
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In what follows, we focus on two contemporary challenges
that can be addressed through crystal-engineering strategies
applied to coordination compounds: antimicrobial resistance
and the enhancement of fertilizer efficiency. Antimicrobial
resistance (AMR) emerges when bacteria, viruses, fungi, and
parasites cease to respond to antimicrobial agents, rendering
treatments ineffective and infections increasingly difficult—
or impossible—to cure.””*® Loss of fertilizer efficiency, by
contrast, primarily results from the rapid enzymatic
hydrolysis of nitrogen-based fertilizers such as urea, catalysed
by soil enzymes and microorganisms.”*  These
transformations accelerate nitrogen volatilization as
ammonia and nitrous oxides, contributing to air pollution
and decreasing the nitrogen available to plants.

Given the global relevance of these two issues, it is
unsurprising that numerous research groups - clearly
reflected in the references cited herein - are actively pursuing
new approaches to safeguard human and animal health and
to ensure sustainable agricultural production for a growing
world population. Before presenting our recent findings, we
briefly summarize the methods wused for preparing,
characterizing, and assessing the products of co-crystal
syntheses.

2 Methods of preparation and
characterization

The products of a crystal engineering synthesis are, generally,
in the form of crystalline material. In addition to traditional

This journal is © The Royal Society of Chemistry 2026
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solution crystallization methods, mechanochemical mixing of
components has emerged as one of the most innovative
approaches for preparing both molecular co-crystals as well
as coordination compounds.®*® These solvent-free or
solvent-minimized techniques represent a greener and more
cost-effective approach, enabling the synthesis of co-crystals
and coordination compounds without having to worry about
differences in solubilities of the components.>*"®" Mastering
the ability to produce co-crystals and coordination
compounds without resorting to solution crystallization has
been a significant step forward in the field,*> allowing
molecular solids to be combined without concerns about
solubility differences and enables the development of new
solid-state reaction pathways.*

The mechanochemical approach not only permits the
preparation of otherwise not accessible organic and metal
organic co-crystals,”>°>®* but also enables the study of the
effects of grinding and comminution on crystal
polymorphism and the uptake or release of water in the
formation of hydrates. Importantly, reaction outcomes can be
controlled by adjusting milling conditions, including solvent
quantity, milling duration, jar material in ball milling, and

grinding media.®*%>¢”
Since crystalline materials are primarily involved,
diffraction techniques play a dominant role in the

investigation of a mechanochemical preparation. X-ray
powder diffraction is the preferred method for identifying
and characterizing products, whether in pure form or mixed
with unreacted starting materials. In cases where powders
can be recrystallized into crystals of adequate size, one can
resort to single-crystal X-ray diffraction for a thorough
analysis of the crystal structure. Even when single-crystals are
not available, advancements in structure determination from
powder diffraction®® and electron diffraction,*® along with
complementary techniques such as solid-state NMR
spectroscopy,”””" and in situ methods for monitoring
mechanochemical — reactions,”””*  have  significantly
accelerated the progress in crystal engineering. X-ray
diffraction methods need to be accompanied by a variety of
solid-state analysis techniques, to fully understand the
behaviour of the crystalline material in terms of thermal
stability, gain-loss of solvent/humidity, phase transitions,
etc., need to be assessed via differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), often accompanied
by dynamic vapor sorption (DVS), and hot-stage microscopy
(HSM). Spectroscopic methods, such as Fourier-transform
infrared (FTIR), Raman spectroscopy, and solid-state NMR
are also often indispensable to fully characterize the crystal
engineering product.

3 Response to antimicrobial
resistance

Antimicrobial resistance (AMR) refers to the condition in
which bacteria, viruses, parasites, and fungi cease to respond
to therapeutic agents.””””® The WHO now identifies AMR as a

This journal is © The Royal Society of Chemistry 2026
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“silent pandemic”, owing to the fact that pathogens are
acquiring resistance to existing antimicrobials at a pace that
far outstrips the introduction of new drugs to the
market.””®" This situation has become an urgent global
concern that demands a coordinated, interdisciplinary
response encompassing reduced unnecessary utilization of
antibiotics, improved infection prevention and control, and
continuous surveillance of AMR trends (Fig. 2).2*7%*
Meanwhile, the clinical development pipeline remains
inadequate to counter the escalating challenge posed by
AMR.* Current strategies involve either the development of
new, non-traditional antimicrobial agents, such as
monoclonal antibodies,*® bacteriophages,®”% and
antimicrobial peptides,® or the revitalization of “exhausted”
drugs. Clearly, the latter approach is well suited for crystal
engineering, as evidenced by the substantial number of
research groups engaged in designing and evaluating co-
crystals of active antimicrobials with appropriately selected
coformers.'™'*°%! Modifying the properties of existing drugs
by improving solubility, permeability, dissolution rate, and
related parameters, or generating novel co-drugs via
pharmaceutical synthon strategies continues to motivate both
academic and industrial efforts.”> The growing portfolio of
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Fig. 2 Global dissemination of antimicrobial resistance.
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patents on pharmaceutical co-crystals, several of which have
reached the market, further attests to the impact of crystal
engineering in this area.”’

Extending co-crystallization strategies to metal complexes
offers an additional path to expand the toolbox against AMR.
Metals have served as antimicrobial agents long before the
discovery of antibiotics or their widespread use in human,
animal, and plant health.”*®” Indeed, crystal-engineering
methodologies employing metal complexes and coordination
networks with antimicrobial properties have gained
considerable traction as new means to combat AMR,
including the sterilization of surfaces and medical devices
compromised by biofilm formation.”*™%

This approach capitalizes on the fact that traditional
organic antibiotics typically act via a single mechanism,
thereby facilitating the emergence of resistance. Coordination
to a metal centre can enhance molecular reactivity, as redox
behaviour, reactive oxygen species (ROS) generation, and
interference with quorum sensing or biofilm formation

View Article Online
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among the key effects.”***'** Metal ions may also modulate
ligand uptake, solubility, or stability. The overarching
objective is to achieve multimodal antibacterial action,
whereby the drug-metal complex retains the parent antibiotic
mechanism while acquiring additional modes of activity
conferred by the metal.'%>"

Over the last decade, we have applied co-crystallization—
via solution and mechanochemical routes—to generate new
compounds combining established APIs with metal
complexes. Table 1 lists the compounds that were
synthesized, isolated, fully characterized, and evaluated for
antimicrobial efficacy.

The well-known disinfectant and bacteriostatic agent
proflavine, a quaternary cation compound (QCC)"' also
known as acridine-3,6-diamine,"** has served as a starting
point for the preparation of a series of co-crystals obtained by
reacting proflavine with salts and complexes of copper(i),
zinc(n), silver(1), and gallium(ur)."**"*"*** These materials
were obtained predominantly by mechanochemical grinding

Table 1 Co-crystallization products obtained from the reaction of active molecules with metal salts/complexes and organic coformers

Active molecule/ligand Metal salt/complex, co-crystal Reference
Proflavinium cation (HPF") ZnCl;(HPF) 109, 110
[HPF],[ZnCl,]-H,0 109, 110
[HPFJ5[Ga(0x)3]-4H,0 111
Proflavine (PF) PF-CuCl 112
PF-AgNO, 112
Oxalate anion (ox") K;[Ga(ox);]:3H,0 111
K4[Gay(0x),(1-OH),]-2H,0 111
Ciprofloxacin (CIP) CIP-QUE 113
CIP-CAR, 114
CIP-THY, 114
Levofloxacin (LEV) LEV,-HES 113
LEV-MYR 113
LEV-QUE 113
Cephalexin (CPX) CPX-THY-2.5H,0 115
Cephradine (CFD) CFD-THY-2.5H,0 115
Cefaclor (CFC) CFC-THY-4H,0 115
Kojic acid (HKA) and kojiate anion (KA™) [Ag(HKA)(NO;)|-H,O 116
[Cu(KA),] 116
[Zn(KA),] 116
[Ga(KA),(OH,),|[NOs]-H,O 116
Ethylenediaminetetraacetic acid (HEDTA®") [Bi(HEDTA)]-2H,0 117
[Bi(HEDTA)] 117
[Bi,(HEDTA),(u-nL-His),]-6H,0 117
[Bi(HEDTA)]-Cyt-2H,0 117
Metronidazole [Zn(Sal),(MET),] 118
[Cu(Sal),(MET),(H,0)] 118
[Ag(Sal)(MET)] 118
Aminocinnamic acids (n-AC) [Zn(4-AC),(H,0),] 119
[Zn(4-AC),]-H,O 119
[Zn(3-AC),]-2H,0 119
[Zn(3-AC)(4-AC)] 119
L-/pL-Arginine (Arg) [Cu-1-Arg-(NO3),-H,0] 120
[Cu-pL-Arg-(NO5),-H,0] 120
[Ag-1-Arg-NO;:0.5H,0] 120
[Ag-DL-Arg-NO3:0.5H,0] 120
L-/pL-Histidine (His) [Cu-i-His:(NO;),-H,0] 120
[Cu-pL-His-(NO3),-H,0] 120
[Ag-L-His-NO;] 120
[Ag-pL-His-NO;] 120
[Ag:(L-His),-NO;-0.5H,0] 120
[Ag-(pL-His),-NO;-0.5H,0] 120
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Fig. 3 (CuCl---CuCl--+), chain motifs and herringbone packing of
proflavine molecules in the proflavine-CuCl co-crystal. Reproduced
from ref. 123.

or by slurry methods, with the latter yielding higher-purity
samples, subsequently used for antimicrobial testing against
Pseudomonas aeruginosa ATCC27853, Staphylococcus aureus
ATCC25923, and Escherichia coli ATCC25922.

The structure of the copper(i) chloride co-crystal
proflavine-CuCl, shown in Fig. 3, consists of a (1D) polymeric
chain of CuCl units accompanied by neutral proflavine
molecules, arranged in a herringbone pattern.'*

Antimicrobial assays performed on the proflavine-AgNO;
and proflavine-CuCl materials against S. aureus, P. aeruginosa,
and E. coli reveal that both complexes outperform proflavine
and the individual salts (Fig. 4). These findings support the
broader concept that hybrid materials generated from
inorganic salts and active molecules can yield new functional

solids suitable, for instance, for antimicrobial surface
coatings.
Using the same rationale, analogous ZnCl,-based

derivatives were synthesized.'® The product composition

varied depending on the mechanochemical or solution
conditions and the Zn-to-proflavine stoichiometric ratios.
Two compounds were isolated and structurally characterized:
ZnCl;(HPF) and the monohydrate [HPF],[ZnCl,]-H,O, both
containing proflavine in its protonated proflavinium form
(HPF)", in contrast to the neutral proflavine found in the
silver and copper systems. Their structures, compared in

E. coli

S. aureus

P. aeruginosa

Normalized clearing zone

Ag Cu PF1la 1b Ag CuPF1la 1b AgCu PFla 1b

Fig. 4 Performance of PF-based materials: normalized growth-
inhibition zones from compound-impregnated disks [Ag = AgNOs, PF
= proflavine, Cu = CuCl, 1a = PF-CuCl, 1b = PF-AgNOs]. Reproduced
from ref. 123.
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Fig. 5 (Left) ab-Plane projection of crystalline ZnCl3(HPF), highlighting
molecular stacks aligned along the c-axis. (Right) b-Axis projection of
[HPF11[ZnCl,]-H,0, illustrating the herringbone arrangement of HPF*
cation pairs. Reproduced from ref. 109.

Fig. 5, display notable stacking interactions between the
proflavinium cations—an interaction likewise predominant
in neutral proflavine and in the salt [HPF]CI-2H,O0.

When evaluated against pathogenic indicator strains,
these compounds exhibited a 50-125% enhancement in
antimicrobial activity relative to AgNO;. Although the
improvement was somewhat less pronounced, when
compared to the simple physical mixture of the constituents,
it remained significant (Fig. 6). Overall, association of
proflavine in its protonated form with zinc enhances its
antimicrobial effectiveness.

Proflavine-based co-crystals have also been prepared using
the gallium oxalate anion [Ga(ox);]*” as a preassembled
building block, giving the molecular salt [HPF];[Ga(ox);]-4H,-
O (Fig. 7).110,111

The proflavinium cations envelope the gallium oxalate
anions, forming stacking arrangements akin to those
observed in the neutral co-crystals described earlier. Disk
diffusion assays demonstrate that this gallium-containing
material also displays significant antimicrobial activity.
Notably, whereas [HPF];[Ga(ox);]-4H,O is active against all
three tested strains, the precursor salt K;[Ga(ox);] exhibits
striking selectivity for P. aeruginosa, with minimal activity
towards the remaining species: a remarkable behaviour,
which requires further microbiological investigation.

250

2.00

1.50

1.00

0.50

ZnCl, PF 2ZnCly(HPF) (HPF)»(ZnCl;)H,0

O 2
OE. coli mP. aeruginosa ©S. aureus

Fig. 6 Relative antimicrobial activities of proflavine, ZnClz(HPF), and
(HPF)2(ZnCly)-H,O normalized to the activity of AQNOs (value of 1.00
corresponds to silver nitrate efficacy). Reproduced from ref. 109.
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Fig. 7 n-Stacking of [HPF]* cations in crystalline [HPF]3[Ga(ox)s]-4H,O
(left), and encapsulation of two [Ga(ox)s]* anions within a
proflavinium-cation envelope (right). Reproduced from ref. 111.

In summary, co-crystallization of a known QCC
antibacterial molecule such as proflavine with metal salts
(e.g., CuCl, CuCl,, AgNO;) or preformed complexes like
[Ga(ox);]*7, via mechanochemical or slurry methods, offers a
sustainable, cost-effective, and environmentally benign
strategy for generating novel materials with improved
antibacterial properties. All crystalline products examined
thus far, namely PF-CuCl, PF-AgNO;, ZnCl;(HPF),
[HPF],[ZnCl,]-H,0, and [HPF];[Ga(0x);]-4H,0, show superior
antibacterial performance relative to proflavine or the
corresponding metal salts alone, despite containing a lower
molar fraction of proflavine.

In another study, mechanochemical and solution-based
approaches were also applied to generate co-crystals between
the amino acids arginine or histidine (in both 1- and br-
forms) and the salts Cu(NO;), and AgNO;. The resulting
coordination polymers, [Cu-i-Arg-(NO3),-H,Olcp, [Cu-pL-
Arg-(NO3),-H,0]cp, [Cu-L-His-(NOj3),-H,Olcp, and [Cu-pr-
His:(NO3),-H,0]cp, shown in Fig. 8, were isolated and
characterized.'*® Their antimicrobial profiles against P.
aeruginosa, E. coli, and S. aureus indicate that the chirality of
the amino acid has little, if any, influence, while the
coordination polymers exhibit antimicrobial activity
comparable to, or in some cases greater than, that of the
metal salts.

Fig. 8 Polymeric chain structures in L-Arg-Cu (top left), bL-Arg-Cu (top
right), L-His-Cu form Il (bottom left), and bL-His-Cu (bottom right);
Owater in blue and Cu in orange. Adapted from ref. 120.
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Fig. 9 Normalized antimicrobial activity from disk-diffusion assays on
lysogeny agar for (A) coordination polymers formed between metal
salts and amino acids and (B) physical mixtures of the corresponding
metal salts and amino acids in 1:1 stoichiometry. Activity is normalized
to silver nitrate, with values above 1.05 indicating higher antimicrobial
efficacy. Reproduced from ref. 120.

The antimicrobial activity of the AgNO; and Cu(NOj),
coordination polymers with the amino acids was compared
to that of the corresponding solid mixtures of amino acids
and salts in identical stoichiometric ratios (Fig. 9). The
results show no significant difference between the
coordination polymers and the simple mixtures; however, the
amino acid/silver nitrate combination appears especially
effective against P. aeruginosa.

Encouraged by these findings, we recently applied the
same methodology to metronidazole (MET),"'® a
nitroimidazole antibiotic long used against a broad spectrum
of bacteria. Increasing resistance to MET shown by several
pathogens underscores the urgency of developing improved
formulations.'**'* Beyond metal coordination, we also
sought to exploit potential synergistic effects with MET of the
salicylate anion, itself known to possess antimicrobial
activity.'*® Mechanochemical and slurry methods enabled the
preparation of the complexes [Zn(Sal),(MET),] form I,
[Zn(Sal),(MET),] form II, [Cu(Sal),(MET),(H,O)] form I,
[Cu(Sal),(MET),(H,0)] form II, and [Ag(Sal)(MET)], which
were fully characterized.® Fig. 10 shows the different
orientation of the MET ligands in the two polymorphic forms
of the Zn and Cu complexes.

Given the higher stability of the form II polymorphs,
these, together with [Ag(Sal)(MET)], were evaluated against

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Distinct orientations of MET ligands around N-Zn bonds in
[Zn(Sal)2(MET),] forms | (top left) and Il (top right), and around N-Cu
bonds in [Cu(Sal)>(MET),(H,0)] forms | (bottom left) and Il (bottom
right) [Cmet in orange, Csy in grey; Hcny atoms omitted for clarityl.
Adapted from ref. 118.

four bacterial strains—Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus —aureus, and Staphylococcus
epidermidis—using minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) assays.''®
Results are reported in Fig. 11.

The antimicrobial tests clearly show that combining
metronidazole with salicylic acid and coordinating the
resulting formulation to Zn(u), Cu(u), or Ag(i) significantly
enhances activity against both Gram-positive and Gram-

[ Metronidazole (MET)
64 |:| [Zn(Sal),(H,0),]
[ (Zn(Sal),(MET),)
32 [ (Cusal),(H,0),]
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negative aerobic pathogens, with the silver complex
displaying the strongest overall effect. These findings further
support the central hypothesis that antimicrobial

performance can be enhanced through coordination with
active metal atoms.

4 Organic-inorganic co-crystals for
soil enzyme inhibition

In this section, we outline our crystal-engineering strategy
using inorganic and coordination compounds to address a
major agro-environmental and economic challenge within
the global nitrogen (N) cycle. There is a pressing demand for
sustainable soil fertilization and improved crop yields with
methods able to simultaneously reduce nitrogen losses from
the decomposition of urea-based fertilizers.

Urea remains the dominant nitrogen fertilizer worldwide,
representing roughly 60% of total nitrogen fertilizer
use.””” % Industrially, urea is synthesized mainly from
ammonia, produced via the energy-intensive Haber-Bosch
process using nitrogen, hydrogen and carbon dioxide."*"'**
However, a considerable fraction of the nitrogen supplied as
urea is lost through volatilization, denitrification, and
leaching, as depicted in Fig. 12.*7°"'3*'3 Once introduced
into soil, urea undergoes rapid enzymatic hydrolysis by
urease, a nickel-dependent enzyme. If not promptly
absorbed, urease can convert urea into hydrogen carbonate
(HCO;") and ammonium (NH,") at a rate up to 10" times
faster than non-enzymatic hydrolysis."****” Although NH," is
a plant nutrient, the accompanying rise in pH favours the
formation of gaseous ammonia, which is readily emitted into

the atmosphere.*?*%?
[ Metronidazole (MET)
64 [ 1zn(Sal),(H,0),]
[ (zn(Sal),(MET),]
32 [ Cu(Sal),(H,0),]
[ [Cu(Sal),(MET),(H,0)]
1o C_JAgsal]
8 [ (Ag(Sal)(MET)]
. e
— 4 T
=
= 2
N
O 1
m
s 05
0.25
0.125
0.0625
0.03125
0.01563

. . .
E.coli  P.aeruginosa S.aureus S.epidermidis

Fig. 11 (Left) Minimum inhibitory concentration (MIC) and (right) minimum bactericidal concentration (MBC) for metronidazole metal complexes
against E. coli, P. aeruginosa, S. aureus, and S. epidermidis. The y-axis is plotted on a log, scale for better clarity. Shorter bars denote higher

antimicrobial activity. Reproduced from ref. 118.
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THE NITROGEN CYCLE
N2 (g)

lightnin,
g 9 Haber-Bosch
process

N, fixing
bacteria

N20(g) * NO, N0, + NO,

Nitrifying
bacteria =

Denitrifying
bacteria -

Fig. 12 Diagram of the nitrogen cycle (blue arrows). Urea hydrolysis
catalysed by urease is emphasized by a yellow arrow. Loss pathways
are depicted in red, and uptake pathways in green.

Urease is not the sole enzyme governing nitrogen
transformations in soil. Ammonia monooxygenase (AMO), a
copper-dependent enzyme present in ammonia-oxidizing
microorganisms, catalyses the oxidation of ammonia to
hydroxylamine (NH,OH), which is subsequently oxidized to
nitrite (NO,”) and nitrate (NO; )."*° Nitrites and nitrates
further serve as precursors to nitric oxide (NO) and nitrous

View Article Online
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oxide (N,O), both of which contribute to greenhouse gas
emissions.' "1

Due to this cascade of reactions, nearly half of the
nitrogen supplied as urea is ultimately lost, creating both
economic losses and environmental damage.'**'** Two
principal strategies are currently employed to mitigate these
losses: (i) reducing the solubility and dissolution rate of urea,
often through coating or encapsulation technologies, *>*®
and (ii) inhibiting urea degradation by soil enzymes using
urease inhibitors in combination with urea-based
fertilizers.'*”"*8

Several groups have investigated co-crystallization methods
to advance these goals."**™'**> Co-crystallization can not only
modify the solubility of active ingredients, such as urea, but
also allow incorporation of enzyme inhibitors as coformers
within the fertilizer matrix. Recently, urea-based ionic co-
crystals with inorganic compounds have shown promise in
reducing urea decomposition and thus reducing ammonia
release. Examples include urea-MgSO, co-crystals and co-
crystals with Ca*" salts obtained mechanochemically from
suitable minerals.’>® Beyond co-crystals, inorganic salts such as
Ca(NH,),(HPO,),-H,0 and Mg(NH,),(HPO,),-4H,0, along with
their struvite analogues Ca(NH,)(PO,)-H,O and Mg(NH,)
(PO,)-6H,0, have been employed for similar applications.***>*

The co-crystallization strategy has thus been applied in
the development of organic-inorganic co-crystals, designed to
enhance the physicochemical properties of urea by lowering
its solubility/dissolution rate, while simultaneously providing
inhibition of urease and/or AMO, all while supplying
nutrients to soil. Table 2 lists the compounds synthesized,
isolated, characterized, and assessed for enzyme inhibition
performance.

When urea is co-crystallized with the inorganic metal salts
KCI and ZnCl,, the resulting compound forms quantitatively

Table 2 Co-crystallization products obtained from the reaction of active molecules with metal salts/complexes and organic coformers

Active molecule/ligand Metal salt/complex, co-crystal Reference
Urea (U) and thiourea (T) U-ZnCl,-KCl 155
ZnCl,T 156
ZnCl,'T-U 156
U-catechol 157
U-r-proline-H,O 158
U,-L-proline 158
U-L-proline-H,O 158
Dicyandiamide (DCD) [Cu(DCD),(0OH,),(NO3),] 159
[Cu(DCD),(OH,)CL,]-H,0O 159
[Cu(DCD),(OH,),][NO;],-2H,0 159
[Cu(DCD),(OH,)Cl] 159
Nitrapyrin (NP) -CD-NP 160
Bentazon (HBtz) Na-Btz-1.75H,0 161
[B-CD-HBtz]-6H,0 161
[y-CD-HBtz]-8H,0 161
Thiurams: thiram (TMTD), disulfiram (TETD), B-CD-TMTD 162
tetraisopropylthiuram disulfide (TIPTD) (B-CD)2-TETD 162
(B-CD)2-TIPTD 162
Ethylenediaminetetraacetic acid (HEDTA®") [Bi(HEDTA)]-2H,0 117
[Bi(HEDTA)] 117
[Bi,(HEDTA),(u-n1-His),]-6H,0 117
[Bi(HEDTA)]-Cyt-2H,O 117

CrystEngComm
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urea + ZnCI2 + KCI

H,0
80°C,
Kcl 80°C RT
excess
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urea-ZnCl,-KCl urea-ZnCl,-KCl
form1 form 2

ball
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slurry, RT

1004

JBU residual activity (%)
:
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<

&
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Fig. 13 (a) Polymorphic forms of urea-Zn-KCl obtained by reacting
urea, ZnCl,, and KCl in a 1:1:1 stoichiometric ratio. (b) Residual jack
bean urease (JBU) activity relative to 100% control (black bar) in the
presence of increasing concentrations of urea-Zn-KCl form 2 at pH 7.5.
Blue, orange, and red bars correspond to 2, 4, and 8 puM inhibitor
concentration, respectively. Reproduced from ref. 155.

via a straightforward, solvent-free, and scalable procedure."”
Depending on the preparation method (Fig. 13a),
urea-ZnCl,-KCl system can be isolated in two distinct
polymorphic forms.

The polymorph obtained from aqueous solution at 80 °C
is metastable, and converts to the stable form upon slurry
aging at room temperature (RT), the latter can also be
obtained through ball milling or crystallization at RT.'®®
Because zinc(n) is a known urease inhibitor,'®* the stable
polymorph of urea-ZnCl,-KCl was tested against urease across
increasing concentrations (Fig. 13b), revealing strong
inhibition. In addition to effectively modulating urease
activity, the co-crystal delivers the nutrient KCI alongside
urea.

Along the same line of research, it has been shown that
co-crystallization of urea and thiourea, a known inhibitor of
AMO-mediated ammonia oxidation,'®®> with ZnCl, yields the
mixed adduct [Zn(thiourea)(urea)Cl,].">® This compound,
besides supplying wurea fertilizer, functions as a dual

This journal is © The Royal Society of Chemistry 2026
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inhibitor. Experiments on bacterial cultures of S. pasteurii
and N. europaea, as well as tandem cultures, showed selective
suppression of ammonification and oxygen consumption
attributable to Zn®* and thiourea, respectively. By
simultaneously providing nitrogen and inhibiting two key
enzymes of the N cycle, [Zn(thiourea)(urea)Cl,] can improve
the efficiency of nitrogen fertilization (Fig. 14).

A further illustration of how crystal-engineering strategies
can be applied in agrochemical research is the in situ
monitoring of the mechanochemical reaction between the
AMO inhibitor dicyandiamide and copper(u) salts [CuX,, X =
Cl,, NO;7], themselves urease inhibitors.”>> A deeper
mechanistic understanding of the reaction conditions
enabled targeted synthesis of the desired adducts and
provided a framework for exploring new agrochemically
relevant compounds. A related approach was discussed by
Baltrusaitis, Fris¢i¢ et al.*>*

As part of our efforts to identify urease inhibitors, we also
examined Bi(m) complexes."'” Although bismuth has no

Ammonification (%)

N. europaea ZnTU ZnCl, Thiourea

100

80

Oxygen consumption (%)

0 S. pasteurii 8 M 8 M 8uM

N. europaea ZnTU ZnCl, Thiourea
Fig. 14 Inhibitory effect of [Zn(thiourea)(urea)Cl,] on mixed S.
pasteurii  and N. europaea cultures: comparison of residual
ammonification (top) and oxygen consumption (bottom) in the

absence (red bar) and presence of 8 uM [Zn(thiourea)(urea)Cl,] (yellow
bars), alongside controls using stoichiometric ZnCl, (azure bars) and
thiourea (orange bars). The molecular structure of [Zn(thiourea)(urea)
Cl,] is shown between the two plots.
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established biological function, Bi(ur) compounds have long
been wused therapeutically, particularly in combination
treatments for Helicobacter pylori infection.'®®™°® Despite
their clinical efficacy, the molecular basis for the action of
bismuth-based drugs remains only partially defined.'®’
Several Bi(m) complexes, including [Bi(HEDTA)]-2H,O
(HEDTA = N-(2-hydroxyethyl)ethylenediaminetriacetic acid),
[Bi(Cys);], and ranitidine bismuth citrate, have been reported
as urease inhibitors, and this activity is often cited as central
to their antibacterial effects."”® However, the use of Bi(m)
compounds is limited by their very low solubility in water.

To enhance the solubility of Bi(m) complexes, we selected
the reported urease inhibitor [Bi(HEDTA)]-2H,O and
attempted co-crystallization with (i) racemic br-histidine,
affording the conglomerate [Bi,(HEDTA),(p-p-His),]-6H,O +
[Bi,(HEDTA),(p-L-His),]-6H,0; (ii) enantiopure r-histidine,
yielding [Biy,(HEDTA),(u-1-His),]-6H,0; and (iii) cytosine,
forming [Bi(HEDTA)]-Cyt-2H,O (Fig. 15).""” Notably, all co-
crystals improved aqueous solubility of the Bi(ur) complex,
ranging from 6.8 mg mL™ for [Bi(HEDTA)]-2H,O to 36 mg
mL™" for [Bi,(HEDTA),(u-1-His),]-6H,O, thus fulfilling one
objective of the study.

Fig. 15 (Top) b-Axis projection of the packing in [Bio(HEDTA)(u-L-
His),]-6H,0. (Middle) One-dimensional ribbons of [Bi(HEDTA)] units
running parallel to the c-axis in [Bi(HEDTA)]-Cyt-2H,0O. (Bottom) Side-
view down the c-axis illustrating how cytosine (uppercase labels) and
water molecules occupy the cavities between adjacent ribbons
[bismuth coordination polyhedra in purple; histidine and cytosine C
atoms in orange; water O atoms in blue; H atoms omitted].
Reproduced from ref. 117.
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Unexpectedly, when the co-crystals and the parent
complex [Bi(HEDTA)]-2H,O were tested for urease inhibition,
no activity was observed, neither in vitro against Canavalia
ensiformis urease, nor in vivo against H. pylori cultures. Thus,
while co-crystallization successfully increased solubility, it
also raised doubts regarding the actual relevance of Bi(im)
compounds in inhibiting urease in agro-environmental or
clinical contexts. The inhibitory effect of Bi(m) on H. pylori
growth appears to arise from interference with metabolic
pathways other than urease.

5 Conclusions

In this highlight article we have collected the most
significant results obtained by the Molecular Crystal
Engineering group at the University of Bologna by applying
crystal engineering synthetic strategies to prepare (i) new
materials to be used to contrast the increasing antimicrobial
resistance shown by pathogens and (ii) new materials that
could be used to inhibit enzyme (urease, AMO) activity in the
soil, at the same time providing the fertilizer (urea) together
with nutrients or inhibitors. In order to do so, we have
prepared a number of coordination compounds by applying
co-crystallization strategies.

The method of choice for the preparation of the co-
crystals and of the coordination compounds has been the
mechanochemical reaction between organic active molecules
and coordination compounds in this also eliminating or
reducing significantly the use of solvents.

The characterization of the products has been carried out
thanks to a combination of solid-state techniques, from
single-crystal to powder X-ray diffraction to differential
scanning calorimetry, thermogravimetry, etc., while the
efficacy of the co-crystalline products in tackling the two
aforementioned issues has been tested by expert groups of
researchers with complementary indispensable expertise, as
well evidenced by the joint publications quoted throughout
this highlight article and acknowledged below.
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