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ABSTRACT
The modulation of physicochemical properties through the discovery of new solid forms has attracted significant interest in the

pharmaceutical industry. Herein, a novel cocrystal of lenalidomide with quercetin was designed upon crystal engineering prin-

ciples. Bearing in mind the importance of developing sustainable methods for the pharmaceutical industry, the synthesis of the

novel cocrystals was explored by different mechanochemical approaches and slurry techniques for comparison purposes. Thus,

the cocrystal was produced by liquid-assisted grinding in ball milling, liquid-assisted resonant acoustic mixing, and the slurry

method. All the methods yielded the same final form with similar properties. From the point of view of properties enhancement,

solubility studies showed that the cocrystal exhibited lower solubility than that of pure lenalidomide under simulated conditions

of gastric and intestinal fluids, suggesting that the cocrystal may function as an extended-release form of lenalidomide.

Furthermore, this cocrystal remained stable under accelerated stability conditions, indicating that atmospheric relative humidity

does not represent a risk for the handling or storage of these compounds in the solid state.

1 | Introduction

Recognized by the International Union of Pure and Applied
Chemistry (IUPAC) as one of the 10 Emerging Technologies
in Chemistry [1], mechanochemistry is a green alternative route
for chemical transformations, offering a rapid platform for
screening new molecules and materials [2]. In this methodology,
chemical reactions are driven by mechanical forces [3, 4], using
different methods of activation, scales, and output [1, 3, 5], and
are implemented through different devices such as ball mills [1],
twin screw extrusion [5], and resonant acoustic mixing (RAM) [6].

A key feature of these reactions is that they can proceed
without any solvents (neat grinding, NG), which confers clear
advantages over the classical solution chemistry [7]. In contrast,
the deliberate addition of a small amount of a catalytic phase dur-
ing the mechanochemical process can exert significantly enhance
reaction efficiency. This catalytic effect can be obtained by the
addition of a liquid (liquid-assisted grinding - LAG) [2, 8–11],
a liquid and an ionic salt (ion and liquid-assisted grinding)
[12], or the addition of a polymer (polymer-assisted grinding)
[13]. Due to the efficiency of mechanochemical synthesis, this
method has been widely used in the crystal engineering field
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for the development of new pharmaceutical materials, enabling
the manipulation of supramolecular assemblies by mechanical
force [10, 14].

Crystal engineering encompasses the understanding of intermo-
lecular interactions within crystal packing [15, 16], enabling
the design of materials with optimized properties [15–19].
Introduced by Pepinsky in 1955 [20] and later popularized by
Schmidt [21], this strategy is widely used in the pharmaceutical
field, particularly for the development of new solid forms, such as
salts, cocrystals, polymorphs, and others aimed at improving
physicochemical properties [22, 23]. Currently, the design of
cocrystals is a central focus of crystal engineering owing to its
efficiency in modulating critical physicochemical properties such
as aqueous solubility, stability, permeability, pharmacokinetics,
and bioavailability of a drug [17, 18, 22–28].

Cocrystals are “solids that are crystalline single-phase materials
composed of two or more different molecular and/or ionic
compounds generally in a stoichiometric ratio which are neither
solvates nor simple salts” [29]. Typically, a pharmaceutical coc-
rystal is formed by an active pharmaceutical ingredient (API) and
a generally regarded as safe coformer connected by noncovalent
intermolecular interactions, such as hydrogen bonds, π–π stack-
ing, halogen bonds, and van der Waals forces, forming supramo-
lecular synthons [30, 31]. Introduced by Desiraju in 1995 [32],
supramolecular synthons are structural units typically formed
by complementary hydrogen bonds. They arise either from the
self-recognition of identical functional groups, referred to supra-
molecular homosynthons, or from interactions between different
but complementary functional groups, forming supramolecular
heterosynthons [30, 33, 34]. The design of cocrystals can be
achieved mainly by the exploitation of supramolecular synthons,
typically based upon complementary hydrogen bonding and
hydrogen bond propensity. This approach enables a rational
design strategy by estimating the probability of a specific inter-
molecular interaction between the API and the coformer, thus
indicating the potential for cocrystal formation [35–37]. The like-
lihood of competing homosynthons and target heterosynthons
for cocrystal formation can be achieved by data mining using
the Cambridge Structural Database (CSD) [38]. This approach
results in a shortlist of coformer molecules presenting the pre-
ferred hydrogen bond synthons and offers a useful guide for
the rational design of multicomponent cocrystals [18, 35].

These multicomponent crystals can be prepared by different
methods such as solution crystallization, including antisolvent
addition, slow evaporation and cooling crystallization, slurry,
hot melt extrusion, sonochemical, mechanochemical synthesis,
and others [18, 39–42]. Among these methods, mechanochemis-
try has gained particular prominence in the scientific community
due to its efficiency in screening, discovery, and scale-up of
cocrystal forms [43, 44]. Combining mechanochemistry with
crystal engineering strategies can lead to valuable insights into
the mechanisms of mechanochemical reactions involving nonco-
valent bonds [14].

The ability of cocrystals to modify the physicochemical properties
of a drug without changing its molecular structure may simplify
the drug development process and regulatory approval as the
drug remains the same [18]. As the drug solubility directly
impacts bioavailability and absorption levels, and consequently
drug efficacy and safety, its optimization plays a key role in

overall therapeutic performance [45]. Depending on the specific
components and conditions, cocrystals may either increase or
decrease the solubility of a compound, modulating its therapeutic
effect [46].

Lenalidomide (LENA, C13H13N3O3) is a 4-amino-glutarimide
analogue of thalidomide [47], that works as an immunomodula-
tory agent with antiangiogenic and antineoplastic properties [30].
LENA has been used in the treatment for multiple myeloma and
for transfusion-dependent anaemia caused by myelodysplastic
syndromes [30, 47, 48]. Lenalidomide hemihydrate is the API
present in Revlimid.

A CSD [38] survey shows that there are two polymorphs of
anhydrous LENA [49, 50], five hydrates [48–51], three solvates
[50], three anhydrous cocrystals [30, 48], one hydrated cocrystal
[30], one solvate hemihydrate cocrystal [46], and three hydrated
salts [52, 53]. Solubility studies were reported for several of these
forms. LENA•3,5-dihydroxybenzoic acid cocrystal [30] presented
an improvement in the solubility, but a “spring and parachute
effect” was observed [30]. The LENA•gallic acid cocrystal also
showed higher solubility and a better dissolution profile than
LENA, but, in this case, the “spring and parachute effect” was
not observed [48]. In contrast, the LENA•melamine cocrystal
has lower aqueous solubility than pure LENA [46].

A final form with lower solubility is often advantageous for sys-
tems in which extended drug release is beneficial. For example,
due to lower and flatter drug dissolution profiles in the lungs,
these lower soluble cocrystals can be useful for pulmonary drug
delivery, benefiting from the reduced frequency of doses that a
patient is required to take [54]. LENA is rapidly absorbed follow-
ing oral administration and has the potential for acute toxicity;
thus, a less frequent administration regime has been suggested
for this drug [55]. In this context, a formulation of LENA that
produces lower plasma concentration peaks may offer improved
safety and therapeutic benefit for patients. Interestingly, from the
synthesis point of view, a combination of mechanochemical fol-
lowed by slurry method was applied to obtain the abovemen-
tioned LENA cocrystals [30, 48].

In addition to the CSD survey, further studies including molecular
complementarity and hydrogen bonds propensities were conducted
for the cocrystal design [37], revealing a tendency for interaction of
anhydrous LENA (CSD Ref.code AJISES) with amino acids,
carboxylic acids, and phenolic derivatives. Among these com-
pounds, flavonoids, a class of natural polyphenolic compounds,
have received great attention in the scientific community, mainly
because they can act as coadjuvants in treating a wide range of
diseases, including cancer, cardiovascular diseases, and immuno-
logical disorders [56–61]. In addition, various authors have
reported a synergistic effect when flavonoids are employed as coc-
rystal formers with APIs in cancer treatment [62–66].

Belonging the list of generally recognized as safe compounds
[67], quercetin (QUER), a polyphenolic flavonoid nutraceutical
widely found in fruits and vegetables, is a potent antioxidative
compound, also recognized by the potential therapeutic activity
as anticarcinogenic, anti-inflammatory, antiviral, and cardiopro-
tective effects [68]. Quercetin:nutraceutical cocrystals showed an
improvement in the antioxidant activity and selective anticancer
effects [69]. The incorporation of QUER into a cocrystal would
tune a potential synergistic effect when combined with other
drugs [68, 70–72], such as LENA. In addition, a novel drug
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delivery system (DDS) based on a metal-organic framework mod-
ified with quercetin and loaded with a lenalidomide derivative
(L1) has been reported [73]. The results showed that the incor-
poration of QUER in this DDS increases significantly the activity
against the triple negative breast cancer cell lines [73], highlight-
ing the potential synergistic effect of QUER.

Although QUER has been widely recognized for its potential to
form cocrystals with antitumoral activity, and several studies
report the preparation of LENA cocrystals, the LENA•QUER
cocrystal system reported herein is the first example of a polyphe-
nolic flavonoid nutraceutical compound (QUER) combined with
LENA. This cocrystal was explored via LAG by ball milling and
liquid-assisted resonant acoustic mixing (LA-RAM), emphasizing
the efficiency and sustainability of these approaches compared to
solvent-based crystallization methods. In this context, this work
presents a comprehensive structural, physicochemical, solid
state, and solubility characterization of the novel cocrystal, offer-
ing a strategy to modulate LENA solubility. Furthermore, the sta-
bility of the cocrystal under accelerated conditions was evaluated,
confirming its suitability for handling and storage. This study
brings new insights to potentially achieve a synergistic effect
when using the two molecules.

2 | Results and Discussion

2.1 | Cocrystal Design

In this work, crystal engineering strategies were applied in the
design of new cocrystals [74]. A virtual cocrystal screening apply-
ing molecular complementarity and hydrogen-bond propensity
was carried out, and a family of 62 coformers containing simul-
taneously carboxylic acids and amine moieties was reached.

The potential landscape of supramolecular contacts was
inspected by using the Full Interaction Map tool of the CSD soft-
ware suite, which allows the identification and visualization of a
molecular region with a propensity to form specific intermolec-
ular interactions, based on experimental crystallographic data.
The software generates three-dimensional maps that highlight
the likelihood of hydrogen, halogen, or π-π contacts, facilitating
the quantitative analysis of noncovalent interactions. It is partic-
ularly useful in cocrystal design, drug design, and in the study of
molecular complementarity. The full LENA’s interaction map
computed on Mercury (2023.1) shows that the interactions are
not univocal nor optimally distributed, while QUER shows that

some interactions could be replaced in other arrangements: in
Figure 1a, the arrows highlight two areas with high propensity
to accept hydrogen bonds with NH/OH donors (blue and red
regions), which are not matched by the actual contacts found
in the experimental LENA crystal structure (red balls, represent-
ing O donors/acceptors in the structure). This implies that the
crystal packing of LENA is not optimally realizing all the poten-
tial interactions. Similarly, for QUER (Figure 1b), the two blue
areas indicated by arrows are regions where, according to the
screening of experimental crystal structures of similar com-
pounds in the CSD, one would expect to find a hydrogen bond
donor, while in the actual QUER structure there are no interac-
tions matching those potential interaction sites. This analysis
suggests that the combination of the two molecules could better
respond to the optimization of supramolecular interactions [75].

2.2 | Methods for Cocrystal Preparation

This study aimed to evaluate two alternative mechanochemical
routes—LAG via ball milling and LA-RAM—for producing
the LENA•QUER cocrystal, in comparison with slurry- and
solution-based methods. An extensive screening of synthetic meth-
odologies, ranging from mechanochemical to solution-based
approaches, was conducted to obtain the LENA•QUER cocrystal.
Four successful protocols for its synthesis are presented (Scheme 1).
A detailed description of the synthetic procedures and characteri-
zation techniques is presented in the Experimental Section of
Supporting Information. Comparing the previously reported syn-
thesis for other LENA cocrystals [30, 46, 48], the procedures pre-
sented herein offer the advantage of being one-pot reactions,
requiring no further purification.

It is well established that for mechanochemical processes several
parameters, such as milling frequency, milling time, milling media,
additives, and temperature (among others), can directly affect the
selectivity and yield of a mechanochemical reaction [1], by subtly
modulating noncovalent bonding [14]. In this context, a screening
for the LENA•QUER cocrystal was conducted by ball-milling
experiments in 10mL stainless steel (SS) jars using two SS ball-mill-
ing media (Ø = 7mm). Milling frequency, synthesis time, solvent
type (including ethanol, methanol, acetonitrile, ethyl acetate, and
water), and solvent quantity were the most important parameters
tested (Table S1, Supporting Information).

The addition of a liquid additive during milling reactions, mea-
sured by the ratio of liquid volume to reactant weight (η), is a

FIGURE 1 | The full interaction maps (Mercury) of (a) LENA and (b) QUER.
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critical parameter to be adjusted. Beyond the catalytic effect [5],
the nature of this additive can also lead to polymorphic control
[76]. In the presence of water, both LENA and QUER converted
into hydrated forms, hindering the formation of cocrystals
(Figure S1, Supporting Information). Furthermore, when com-
pounds were milled with ethanol (EtOH), QUER transformed
into a new crystalline form, and no cocrystal formation was
observed (Figure S2, Supporting Information).

As the frequency can directly affect the number of collisions dur-
ing a milling process [1], selecting a higher milling frequency was
crucial to induce the formation of the cocrystal between LENA
and QUER, leading to a complete conversion.

A successful BM synthetic approach was obtained in a one-pot reac-
tion involving three steps of liquid addition followed by milling. In
the first step, ethyl acetate (EtOAC, η= 1 μL.mg−1) was added to a
1:1 molar ratio of the reactants and milled for 90min at 30Hz,
resulting in incomplete conversion. Subsequently, twomore milling

steps were conducted by adding again EtOAC (η= 0.5 μL.mg−1) in
each of these two steps andmilling for additional 30min at 30Hz in
each step. This procedure led to complete conversion into the
LENA•QUER cocrystal (Figure 2a). Attempts to obtain the cocrystal
in a single step, by combining the total time and amount of solvent
as used in the three-steps synthesis, always resulted in incomplete
reactions. These results indicate that the optimized procedure by
LAG using a ball mill requires successive addition of EtOAC
followed by milling.

The formation of LENA•QUER cocrystal was also systematically
investigated at 90 g by RAM in liquid-assisted mixing (LA-RAM),
in continuous or by cycles of mixing. Comprehensive screening
of various experimental conditions included the nature of the
solvent for LA-RAM (acetonitrile, EtOH, EtOAc, or isopropyl
acetate-iPrOAc) and its amount (expressed as η value), the poly-
meric material used for the reaction vessels (polypropylene, PP or
polytetrafluoroethylene, PTFE), and the molar ratio of LENA to

SCHEME 1 | Optimized approaches to obtain LENA•QUER cocrystal.

FIGURE 2 | (a) Calculated and experimental PXRD patterns of reaction steps of LENA•QUER cocrystal via ball milling. (b) Calculated and

experimental PXRD patterns LENA•QUER cocrystal synthesized by ball milling (BM) in LAG process, LA-RAM, and slurry.
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QUER (Table S2, Supporting Information). Initial experiments
included a 1:1 molar ratio of the reactants, examining both
dry mixing and LA-RAM approaches.

For LA-RAM investigation, EtOH, acetonitrile, and EtOAc were
selected as solvents based on their favourable physical properties
and safety profiles, using an η value of 0.2 μL.mg−1. Initial screen-
ing conditions of 30min mixing time, 90 g acceleration, and 2.5mL
PP vials were maintained throughout this series. Notably, solvent
selection significantly influenced cocrystal formation, with the
reported cocrystal formation being observed exclusively with
EtOAc (Table S2, Entries 2–4, Supporting Information).

Further optimization of the η value for ethyl acetate
(0.5–1.0 μL.mg−1) demonstrated improved system rheology and
enhanced mixing homogeneity at η= 1.0 μL.mg−1 (Table S2,
Entries 5–7, Supporting Information). Subsequently, extending
the mixing time to 90 min enhanced cocrystal formation but
failed to achieve complete conversion (Table S2, Entry 8,
Supporting Information).

By adopting a stepwise approach analogous to ball-milling meth-
odology, two-step addition of EtOAc over 90min resulted in com-
plete quercetin conversion, though some unreacted lenalidomide
remained (Table S2, Entry 9, Supporting Information). To account
for differences in starting material purity, the stoichiometric ratio
was adjusted to 1:1.05 (LENA•QUER), achieving complete conver-
sion but generating an unidentified peak at 2θ = 12.3694° that did
not correspond to the calculated cocrystal structure (Table S2,
Entry 11, Figure S3, Supporting Information).

Additional parameters were systematically evaluated to obtain the
pure cocrystal, including isopropyl acetateAcOiPr as an alternative
solvent, different vial materials and volumes, and extended
180-minute reaction times (Table S2, Entries 12–16, Supporting
Information). However, these modifications failed to eliminate
the problematic peak at 2θ= 12.3694°, and in some cases, resulted
in incomplete conversion. Ultimately, implementing a three-step
mixing protocol of 90min each at 90 g successfully yielded the
desired cocrystal by LA-RAM (Table S2, Entry 17, Supporting
Information).

Solution-based experiments were conducted by slow evaporation
and slurry, using acetonitrile as a solvent to achieve the cocrystal,
and both approaches were successful. In addition, a suitable
single crystal was obtained by slow evaporation, allowing the
crystal structure elucidation and obtention of calculated powder
X-ray diffraction (PXRD). The experimental PXRD patterns of
the cocrystal synthesized by ball milling, LA-RAM, and slurry
agree with the calculated PXRD patterns obtained by single crys-
tal X-ray diffraction (SCXRD) data (Figure 2b).

Comparing all methodologies developed for the obtention of
LENA•QUER cocrystal, the mechanochemical approaches pres-
ent the advantages of being faster and requiring a lower amount
of solvent in the synthetic process in comparison with solution-
based methods.

2.3 | Crystal Structure and Supramolecular
Analysis

The structure of the LENA•QUER cocrystal disclosed in this
study will be compared with the crystal structures of both anhy-
drous lenalidomide polymorphs (CSD ref.codes AJISES and

AJISES01). The crystallographic data of the cocrystal are summa-
rized in Table S3.

In polymorph AJISES, which crystallizes in the P1 space group
and comprises one molecule in the asymmetric unit, the LENA
molecule establishes intermolecular interactions forming a
centrosymmetric dimeric aggregate by N–H…N hydrogen
bonds (dN…N= 3.260(3) Å, ∠N–H…N= 128(4)°) along the a
axis, generating a R2

2(4) motif, as previously reported [49]. A self-
complementary pyridinedione ring forms centrosymmetric
dimers through a R2

2(8) motif based on N–H…O hydrogen bonds
(dN…O= 2.8987(16) Å, ∠N–H…O = 179(2)°) and infinite C1

1(11)
chains along to the c axis based on N–H…O interactions (dN…O=
3.180(2) Å, ∠N-H…O= 142(3)°) (Figure S4 and Table S4,
Supporting Information).

The other LENA polymorph (CSD Ref. code AJISES01) crystallizes
in the Pbca space group. In AJISES01, LENA establishes intermo-
lecular interactions C1

1(7) chains along to the b axis based on
N–H…O interactions (dN…O= 2.8043(17) Å, ∠N-H…C1

1(9) chains
along the a axis based onN–H…O interactions (dN…O= 3.027(2) Å,
∠N-H…O= 162.9(17)°) and a R2

2(22) motif based on N-H…O
hydrogen bonds (dN…O= 3.067(2) Å, ∠N-H…O= 161.5(18)°)
(Figure S5 and Table S5, Supporting Information).

Similarly to AJISES, the cocrystal crystallizes in the P1 space
group and comprises one molecule in the asymmetric unit
(Figure 3a). All self-complementarity motifs observed in the
LENA crystal packing were broken in the LENA•QUER cocrystal
formation, giving rise to a new pattern of hydrogen bonds
(Figure 3b and Table S6, Supporting Information). In the cocrys-
tal system, LENA entities do not establish any direct hydrogen
bonds among themselves, and this behaviour was not observed
in the reported cocrystals [30]. Nevertheless, a new C1

1(12) motif
based on O–H…O interactions (dO…O= 2.848(2) Å, ∠O–H…

O= 129°) holds the QUER molecules forming an infinite chain
along the c axis (Figure S6, Supporting Information). This chain
pattern was not observed in any of the polymorphs of pure quer-
cetin (CSD Ref.codes: NAFZEC, NAFZEC01, and NAFZEC02).

The LENA•QUER cocrystal structure is stabilized by O–HQUER…

OLENA hydrogen bonds (dN…O= 2.698(3) Å, ∠O-H…O= 171(3) °),
forming a D1

1(2) motif between LENA and QUER moieties. In
addition, the hydroxyl group from the coformer interacts directly
with LENA through O–HQUER…NLENA / N–HLENA…OQUER

hydrogen bond forming weak D1
1(2) motifs based on N–H…O,

O–H…O and O–H…N interactions. Furthermore, as observed in
other LENA cocrystals [30, 53], weak π–π interactions were
observed in the crystal packing along the c axis between the cent-
roids of LENA moieties with the centroid…centroid distance of
3.789(2) Å, and between QUER moieties with the centroid…cen-
troid distance of 4.094(16) Å (Figure 3c). In addition, several motifs
with two symmetry independent hydrogen bonds that compose
the pattern were also observed in the cocrystal, and some of them
are shown in Figure S7, Supporting Information.

2.4 | Hirshfeld Surfaces Analysis

The Hirshfeld surfaces (HS) and the corresponding two-
dimensional fingerprint plots were used to complement the study
of the packing interactions (Figure 4) [77]. The HS is represented
by a colour code, in which the red, white, and blue spots denote,

Chemistry - Methods, 2026 5 of 12
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respectively, the intermolecular interactions associated with
lengths fewer than, equivalent to, and greater than van der
Waal radii [78]. In the fingerprint plots, the di represents the
distance from HS to the nearest atom internal to the surface, de

corresponds to the distance from HS to the nearest atom external
to the surface, while dnorm represents the normalized sum of de and
di [77, 78]. The HS of the LENA•QUER cocrystal has 605.70 Å3; of
volume and 510.54Å2; of area. According to the 2D fingerprint

FIGURE 3 | (a) ORTEP projection of LENA•QUER cocrystal with the atom-numbering scheme. Nonhydrogen atoms are represented as 50% prob-

ability ellipsoids. Hydrogen bonds are represented by dashed light blue line, (b) 2D layers of LENA•QUER cocrystal, (c) The π…π interactions (grey lines)
involved in the stacking arrangement between LENA (purple) and QUER (blue).

FIGURE 4 | HS mapped with dnorm (left) and 2D fingerprint plots (right).

6 of 12 Chemistry - Methods, 2026
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schemes, the O…H and H…H interactions are the most abundant
in the cocrystal structure (18.2% and 26.8%, respectively), and these
results are in agreement with the supramolecular synthon analy-
sis. The C…H and C…C interactions are also representative (14.0%
and 4.6%, respectively), confirming the presence of π–π interac-
tions between adjacent moieties. The N…H interaction does not
play a significant role in the crystal structure (1.4%). All other
interactions present in minor percentages are detailed in Figure
S8, Supporting Information.

2.5 | Attenuated Total Reflectance - Fourier
Transform Infrared (ATR-FTIR) Analysis

The ATR-FTIR analyses were carried out for LENA, QUER, and
the LENA•QUER cocrystal (Figure 5). LENA presents a typical
N-Hamide stretch band at 3368 cm−1 and 3290 cm−1, a broad
band corresponding to the C–Haromatic stretch at 3152 cm−1, and
others bands at 1622 cm−1, 1550 cm−1, 1168 cm−1 and 1062 cm−1

corresponding, respectively, to the νC=Oamide, δ
N–Hamine, δ C–Namine, νC–Namine [79, 80].

Quercetin shows a typical O–H band at 3402 cm−1, a=C–H
stretch at 3050 cm−1, C=O stretch at 1714 cm−1, C–O stretch
at 1380 cm−1, C–Ophenol stretch at 1256 cm−1, and =C–H bending
at 896 cm−1 [80].

Comparing the LENA•QUER cocrystal with the starting
materials, bathochromic displacements of O–Hphenol stretch
(3484 cm−1) and C=Oamide stretch (1646 cm−1) are observed,
indicating the interaction between LENA and QUER through
C=Oamide from LENA with O–Hphenol from QUER. These results
agree with supramolecular synthon analysis.

2.6 | Thermal Analysis

The TGA and DSC analysis of both precursors (LENA, QUER)
and the LENA•QUER cocrystal are shown in Figure 6.

The thermal decomposition of LENA•QUER occurs in five conse-
cutive steps up to 600°C (details in Figure S9, Supporting
Information), in which the first (mass loss of 0.53%) and second
(mass loss of 2.53%) steps were attributed to loss of residual sol-
vents adsorbed at the surface (30°C–88°C) with total of 3.06% of
weight loss. In the third step (88°C-285°C), a gradual weight loss of
18.29% is observed until the incongruent melting of LENA•QUER
cocrystal, which corresponds to the endothermic event at 256°C in
the DSC measurement (Figure 6b). The melting is immediately
followed by decomposition with the last steps (285–600°C) in
the TGA curve corresponding to the thermal decomposition of
the two coformers, as confirmed by the TGA curves of the pure
components (Figure 6a, S10, and S11, Supporting Information).

Considering the DSC curves (Figure 6b), the endothermic events
are attributed to the melting of the compounds, which occur at
269°C (ΔH=−129 J/g) for LENA, and 322°C (ΔH=−143 J/g) for
QUER, and 256°C (ΔH = - 119.5 J/g) for the LENA•QUER coc-
rystal. It is worth noting that the low-intensity endothermic event
(100°C–120°C) in the DSC thermogram of QUERmay refer to the
loss of residual water content, which is supported by a weight loss
of 2.24% between 30°C and 115°C (see Figure S11, Supporting
Information). As observed in other LENA cocrystals [79], the
melting point of the LENA•QUER cocrystal is lower than that
of both constituents. This can either reflect an entropy-driven
cocrystal formation (with less strong bonding in the cocrystal
compared to the parent compounds) or due to a strong entropic
mixing effect at the liquid state upon melting of the cocrystal.

It is worth noting that the overall weight loss (decomposition), at
600°C, for the LENA•QUER cocrystal (44.05%) is lower than
pure LENA (60.64%) and QUER (67.01%). DSC analysis also
showed that the cocrystal presents a lower melting point than
the starting materials.

2.7 | Nuclear Magnetic Resonance

The 1H-NMR spectrum of the LENA•QUER cocrystal is shown in
Figure 7. Based on the 1H-NMR spectra of the individual

FIGURE 5 | FTIR spectra of LENA (blue), cocrystal (red), and QUER (black) with amplified fingerprint region.
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components (Figure S12, Supporting Information), the integral of
a LENA signal at 7.15 ppm and the two signals of QUER at 6.36
and 6.14 ppm were used to assess the cocrystal formation. As can
be seen in Figure 7, the integrals representing the two compo-
nents are in a 1:1 ratio confirming the ratio.

The solubility data for LENA and the LENA•QUER cocrystal syn-
thesized by slurry, LAG, and RAMmethods are shown in Figure 8.
LENA alone exhibited a solubility of 5.82 ± 0.63mg.mL−1 at 1 h in
pH 1.6, which decreased to 4.51 ± 0.054mg.mL−1 at 24 h. The
large standard deviation at the 1 h timepoint and the decline in
solubility over time at pH 1.6 suggest a solid-state transformation
of LENA into its dihydrate form [30] (Figure S12). In fasted state
simulated intestinal fluid (FaSSIF), LENA’s solubility was more
stable over time, with a 24-hour value of 0.96 ± 0.029mg.mL−1.

In contrast, the solubility of the cocrystal, regardless of the
manufacturing method, was lower than that of pure LENA under
both pH conditions tested, and no supersaturation was observed.

At the 24-hour timepoint, the solubility of the cocrystal (mea-
sured as LENA) at pH 1.6 was 2.26 ± 0.031, 2.29 ± 0.065, and
1.99 ± 0.073 mg.mL−1 for the cocrystals produced via slurry,
LAG, and RAM, respectively. In FaSSIF, the solubility values
were 0.22 ± 0.007, 0.29 ± 0.002, and 0.33 ± 0.023 mg.mL−1 for
the same respective methods.

A solid-state transformation of the cocrystal to LENA dihydrate
was observed under acidic conditions, while the cocrystal struc-
ture remained stable during the solubility studies in FaSSIF
(Figure S13, Supporting Information).

The results of solubility studies suggest that the cocrystal may
function as an extended-release form of LENA, similar to the
melamine-based cocrystal described by Screen et al. [46].

FIGURE 6 | (a) TGA curves in N2 atmosphere of LENA (black curve), QUER (blue curve), and LENA•QUER cocrystal (red curve) performed at 5°C

min−1 (b) DSC curves in N2 atmosphere of LENA (black curve), QUER (blue curve), and LENA•QUER cocrystal (red curve) performed at 10°C min−1.

FIGURE 7 | 1H-NMR spectrum in DMSO-d6 of the LENA•QUER coc-

rystal, showing the ratio between peaks attributed to LENA and QUER. 0 4 8 12 16 20 24
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FIGURE 8 | Solubility studies of LENA and LENA•QUER cocrystal

synthesized by LAG, RAM, and slurry in FaSSGF (pH= 1.6) and FaSSIF

(pH= 6.5).
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2.8 | Accelerated Stability Test

The stability of both LENA and the LENA•QUER cocrystal was
monitored under accelerated conditions of 75% of RH at 40°C for
180 days (Figure 9). PXRD analysis revealed that even in extreme
humidity conditions, both compounds remained stable without a
polymorphic transformation or deliquescence occurring. These
results allow us to infer that atmospheric relative humidity does
not represent a risk parameter for handling and storage of these
compounds in the solid state. In addition, the results showed that
this cocrystal is stable for more than 2 years in regions with cli-
matic zones I and II [81].

3 | Conclusion

In this work, crystal engineering strategies were used to design a
new LENA•QUER cocrystal. This cocrystal was successfully
achieved by different mechanochemical and solution
approaches, including LAG in a ball-mill, LA-RAM, slurry,
and slow evaporation. Comparing the amount of solvent used
in each approach and the total time of synthesis of this cocrystal,
mechanochemical process is highlighted for spending less
solvent and lower time of synthesis compared to solution and
slow evaporation, being a faster route to obtain this cocrystal.
Supramolecular synthon analysis shows that the cocrystal
structure is stabilized especially through O–HQUER…OLENA/O–
HQUER…NLENA/N–HLENA…OQUER hydrogen bonds. Thermal
analysis reveals that this cocrystal has a lower melting point
compared with the starting materials. Solubility studies showed
that the cocrystal remains stable without solid-state transforma-
tion in FaSSIF conditions. Regardless of the synthetic method,
LENA•QUER cocrystal has lower solubility compared with pure
LENA, suggesting that the cocrystal may function as an
extended-release form of LENA. This study provides valuable
insights into the design and development of cocrystals using
different synthetic routes, in which both mechanochemical
approaches have been shown to deliver the desired product faster
and using much less amount of solvent, intending to modify the
physicochemical properties to improve the way of administration
of this drug.
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Forward: Mechanochemistry and the Non-covalent Bond,” RSC
Mechanochem 2 (2025): 333–335.

15. G. R. Desiraju and G. W. Parshall, Crystal Engineering: The Design of
Organic Solids (Elsevier, 1989).

16. G. R. Desiraju, “Crystal Engineering: From Molecule to Crystal,”
Journal of the American Chemical Society 135 (2013): 9952–9967.

17. D. J. Berry and J. W. Steed, “Pharmaceutical Cocrystals, Salts
and Multicomponent Systems; Intermolecular Interactions and
Property Based Design,” Advanced Drug Delivery Reviews 117 (2017):
3–24.

18. G. Bolla, B. Sarma, and A. K. Nangia, “Crystal Engineering of
Pharmaceutical Cocrystals in the Discovery and Development of
Improved Drugs,” Chemical Reviews 122 (2022): 11514–11603.

19. C. B. Aakeröy, N. R. Champness, and C. Janiak, “Recent Advances in
Crystal Engineering,” CrystEngComm 12 (2010): 22–43.

20. R. Pepinsky, “Crystal Engineering—New Concept in
Crystallography,” The Physical Review 100 (1955): 971.

21. G. M. J. Schmidt, “Photodimerization in the Solid State,” Pure and
Applied Chemistry 27 (1971): 647–678.

22. N. K. Duggirala, M. L. Perry, Ö. Almarsson, and M. J. Zaworotko,
“Pharmaceutical Cocrystals: Along the Path to Improved Medicines,”
Chemical Communications 52 (2016): 640–655.

23. G. Liu, H. Li, R. Gou, and C. Zhang, “Packing Structures of CL-20-
Based Cocrystals,” Crystal Growth & Design 18 (2018): 7065–7078.

24. I. P. Veronez, J. S. P. Daniel, C. E. C. Júnior, J. S. Garcia, and
M. G. Trevisan, “Development, Characterization, and Stability Studies
of Ethinyl Estradiol Solid Dispersion,” Journal of Thermal Analysis
and Calorimetry 120 (2015): 573–581.

25. R. Thakuria, A. Delori, W. Jones, M. P. Lipert, L. Roy, and
N. Rodríguez-Hornedo, “Pharmaceutical Cocrystals and Poorly Soluble
Drugs,” International Journal of Pharmaceutics 453 (2013): 101–125.

26. D. Tan and F. García, “Main Group Mechanochemistry: From
Curiosity to Established Protocols,” Chemical Society Reviews 48
(2019): 2274–2292.
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