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Abstract

A new organic salt of thiabendazole with p-toluenesulfonic acid was successfully syn-
thesized by mechanochemistry. Notably, the same crystalline form and morphol-
ogy were obtained both through neat grinding and liquid-assisted grinding using
4-methyltetrahydropyran, a sustainable solvent not yet commonly employed in mechanochem-
ical processes. The resulting salt crystallizes as a hydrate with impressive physical stability
for up to 18 months under four storage conditions, including 40 ◦C. Comprehensive solid-
state characterization (PXRD, DSC, TGA, HSM, SEM) confirmed the phase identity, purity,
and thermal behavior of the material, while FTIR spectroscopy provided insight into the
intermolecular interactions driving salt formation and stabilizing the crystalline water.
In comparison to pure thiabendazole, the hydrate salt exhibited a remarkable ~70-fold
increase in solubility and significantly improved intrinsic dissolution rate over the entire
study period. Importantly, the in vivo evaluation in the Heligmosomoides polygyrus mouse
model of the salt and the pure drug revealed similar moderate reductions in worm burden,
indicating that salt formation does not compromise anthelmintic efficacy.

Keywords: thiabendazole multicomponent crystal; sustainable mechanochemistry; solubility
enhancement; intrinsic dissolution rate; long-term stability

1. Introduction
In recent years, the concept of sustainability has become a central focus across diverse

sectors, encompassing economic, social, and environmental dimensions. Defined as the
ability to be maintained at a certain rate or level, sustainability is most often associated
with the responsible preservation and management of natural resources. In response to
increasing global awareness of environmental challenges, the pharmaceutical field has
begun to integrate sustainable practices through zero-waste strategies and circular economy
paradigms [1]. These frameworks not only emphasize waste and resource reduction but
also foster interdisciplinary collaboration, promoting innovations toward environmentally
sensible pharmaceutical processes [2,3].

Most newly developed active pharmaceutical ingredients (APIs) are poorly water-
soluble, posing significant challenges for formulation and bioavailability. Among various
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strategies to address this limitation, the mechanochemical approach has shown particu-
larly promising potential. The fundamental concept of mechanochemistry is based on
the understanding that interactions between solid substances need not be initiated via
solution synthesis but can instead be induced through the application of mechanical energy,
typically within a milling jar. This greener alternative involves the technological process
of milling, particularly ball milling, which offers advantages such as a high efficiency,
economic feasibility, and operational simplicity, as reported in several studies [4–8]. When
milling is employed for the preparation of multicomponent systems (e.g., cocrystals, salts,
coamorphous) that directly influence the biopharmaceutical properties of the API, little to
no solvent is required. This further contributes to the advancement of sustainability and
the promotion of a healthier ecosystem [9].

In this experimental study, we apply the green principles of mechanochemistry to a
scarcely explored API—thiabendazole—investigating its conversion into a multicomponent
form via sustainable milling techniques.

Thiabendazole (hereinafter referred to as TBZ) is a benzimidazole with antifungal and
antiparasitic activities, proved effective in the treatment of strongyloidiasis, cutaneous larva
migrans, visceral larva migrans, and other helminthic infections, commonly administered
via oral or topical routes [10]. Its anthelmintic properties were first demonstrated in 1961
by Merck researchers [11]. However, the development of TBZ-based dosage forms remains
challenging, primarily due to its limited water solubility (~28 mg/L), which restricts
bioavailability and complicates formulation [12,13].

Beyond its pharmaceutical relevance, TBZ is widely employed in the food industry
as a fungicidal and preservative agent for fruits and vegetables. Despite its relatively low
toxicity, TBZ residues can bioaccumulate, potentially contributing to health risks over
prolonged exposure. Its high thermal stability prevents degradation under conventional
food-processing conditions [14,15]. One limiting aspect is also the development of suitable
analytical methods for TBZ detection in food, compounded by its poor solubility. Accord-
ingly, the food industry seeks approaches to improve TBZ physicochemical properties
and to develop simple, rapid, and sensitive assays for residue detection, while pursuing
sustainable solutions [16–19].

Considering these challenges, enhancing TBZ solubility via multicomponent systems
not only improves pharmaceutical performance (e.g., bioavailability, therapeutic efficacy)
but may also facilitate more effective and sustainable applications in food processing, where
increased solubility allows easier removal of residues through washing. This dual-use
concept highlights the potential for interdisciplinary innovation bridging pharmaceutical
and food sciences.

Several studies have attempted to improve TBZ solubility. For example, Aein-
dartehran and co-workers used liquid-assisted grinding with various solvents (water,
ethanol, methanol, dimethyl carbonate, acetonitrile, and ethyl acetate) to reformulate TBZ
with four different hydrogen donors: saccharin, fumaric acid, maleic acid, and oxalic
acid. This approach led to 4-, 21-, 23-, and 60-fold increases in solubility for TBZ-fumaric
acid, TBZ-oxalic acid, TBZ-saccharin, and TBZ-maleic acid, respectively [20]. Gao et al.
reported that water solubility and fungicidal activity of TBZ were significantly enhanced
through complexation with hydroxypropyl-β-cyclodextrin, achieved via manual grinding
and incorporation into nanofibers [21].

Considering the foregoing, the present study is based on the hypothesis that TBZ,
when incorporated into a multicomponent system via mechanochemical techniques, could
achieve enhanced solubility while adhering to sustainable principles. Such an approach not
only has clear pharmaceutical relevance but may also extend its applicability to food-related
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contexts, providing a dual-use strategy and laying the foundation for future interdisci-
plinary innovations.

Therefore, based on the theoretical rule for successful salt formation—typically
requiring a pKa difference of around 3–4 units between the protonated base and the
acid [22–26]—we combined via mechanochemistry TBZ (pKa ≈ 4.64) [19,27] and p-
toluenesulfonic acid monohydrate (hereinafter referred to as PTOS·MH) (Figure 1), a strong
organic acid with a pKa of −2.8 in water [28]. The tosylate, along with other counterions
derived from organic sulfonic acids, belongs to the counterions approved for pharmaceu-
tical use, specifically to Class II according to Gaisford [29], which includes non-natural
counterions commonly used and well tolerated over time. PTOS·MH has previously been
shown to be suitable for mechanochemical processes and to improve solubility in related
systems [30].

Figure 1. (a) Thiabendazole and (b) p-toluenesulfonic acid monohydrate molecular structures.

Using both neat grinding (NG) and liquid-assisted grinding (LAG) with 4-methyltetrah
ydropyran (4-MeTHP)—a greener solvent with low toxicity and favorable environmental
profile [31,32]—we successfully obtained a multicomponent crystalline form of TBZ.

2. Materials and Methods
2.1. Materials

Thiabendazole (TBZ, Sigma-Aldrich Ltd., St Louis, MO, USA) and p-toluenesulfonic
acid monohydrate (PTOS·MH, Sigma-Aldrich Ltd., St Louis, MO, USA) were used without
further purification. 4-methyltetrahydropyran (4-MeTHP) was kindly donated by Carlo
Erba (CARLO ERBA Reagents srl, Milan, Italy). Hexane, methanol (MeOH), NaCl, KCl,
Na2PO4·7H2O and KH2PO4 of analytical grade were purchased by Sigma-Aldrich Ltd.,
while water (H2O) was freshly distilled.

2.2. Methods
2.2.1. Mechanochemical Routes for Preparing TBZ Multicomponent Crystal

Mechanochemical reactions were carried out using a Retsch MM400 mill (Retsch, Haan,
Germany) equipped with two stainless steel jars (25 mL internal volume) and screw-cap
closure. Each jar contained one stainless-steel ball (Ø 10 mm) as the grinding medium. For
each experiment, the total mass of the equimolar TBZ-PTOS mixture was fixed at 400 mg.

The multicomponent crystal of TBZ was obtained via both NG and LAG, the latter
using 80 µL of 4-MeTHP. Milling frequency and time were maintained in both cases at
25 Hz and 2 h, respectively. To ensure reproducibility, all experiments were performed at
least in duplicate.
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After the LAG procedure, all products were left to evaporate under a fume hood and
subsequently stored in a vacuum desiccator.

The resulting mechanochemical products were characterized after standing overnight
using powder X-ray diffraction (PXRD) and differential scanning calorimetry (DSC), while
the additional characterizations were carried out in the following days.

2.2.2. Characterization
Powder X-Ray Diffraction (PXRD)

For PXRD measurements, a Bruker D2 Phaser diffractometer (Bruker, Manheim, Ger-
many) with Cu-Kα source (λ = 1.54 Å) was used. The system works with a 300 W low
power X-ray generator (30 kV at 10 mA). The steel sample holder used has a capacity of
300 µL, while cylindrical gearboxes in polyvinylidene fluoride (PVDF) were used for reduc-
ing the capacity to about 100 µL of solid. The conditions used for the measurement were as
follows: 2θ angles from 3◦ to 40◦, 0.02◦ 2θ increment, time step 0.6 s.

Differential Scanning Calorimetry (DSC) Analysis

For DSC analysis, each sample weighing 2–4 mg was introduced into an aluminum
sealed and pierced 40 µL crucible and analyzed by a DSC 3 Star System Mettler Toledo
(Mettler Toledo, Milan, Italy) with a heating program of 30–310 ◦C (10 ◦C/min) under a
nitrogen (N2) atmosphere (50 mL/min flow rate).

Thermogravimetric Analysis (TGA)

TGA analysis of the new multicomponent system was performed using a TGA 2
Mettler Toledo (Mettler Toledo, Milan, Italy). Briefly, 5–10 mg of the powdered sample were
inserted into Alumina 100 µL crucibles and analyzed with a heating program of 30–310 ◦C
(10 ◦C/min) under a nitrogen (N2) atmosphere (50 mL/min flow rate).

Hot-Stage Microscopy (HSM)

A thin layer of each sample was placed on a glass microscope slide and heated from
25 to 210 ◦C at a controlled heating rate of 10 ◦C min−1 using a Mettler FP52 hot stage
(Mettler, Zurich, Switzerland, CH). The samples were continuously observed under a Leica
optical microscope equipped with an Olympus EP50 digital camera (Olympus, Segrate,
Italy), allowing real-time monitoring and recording of morphological changes occurring
during heating.

Fourier-Transform Infrared Spectroscopy (FT-IR)-Attenuated Total Reflectance
(ATR) Analysis

Powdered samples (pure TBZ and PTOS·MH, and TBZ-PTOS crystals) were analyzed
with a Shimadzu IRAffinity-1S FT-IR instrument (Shimadzu, Kyoto, Japan) using the
attenuated total reflectance technique, in a range of 400–4000 cm−1 with a resolution of
4 cm−1 and 20 scans.

Scanning Electron Microscopy (SEM) Analysis

Images of TBZ multicomponent crystals and pure raw components were collected
through scanning electron microscopy (SEM). The powdered sample was placed on an
aluminum stub covered with a carbon double-sided tape and sputter-coated with gold
using a Sputter Coater K550X (Emitech, Quorum Technologies Ltd., Lewes, UK), before
being analyzed by a scanning electron microscope (Fei Quanta 250 SEM, Hillsboro, OR,
USA) with the secondary electron detector. The working distance was set at 10 mm to
obtain the appropriate magnifications, and the acceleration voltage was set at 5 kV.
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Physical Stability Tests Under Various Temperature Conditions

The TBZ multicomponent crystal was stored in sealed glass vials at four different
temperatures (−30 ◦C, 5 ◦C, 25 ◦C, and 40 ◦C) and monitored over a period of 18 months.
Samples were collected weekly during the first month and biweekly thereafter, with each
sample analyzed by PXRD, as described in Section Powder X-Ray Diffraction (PXRD).

Solubility Studies

To evaluate the solubility of the newly prepared TBZ–PTOS salts in comparison
with pure TBZ, solubility tests were conducted in screw-capped 20 mL glass vials by
adding an excess of powder to 10 mL of phosphate buffer (pH 7.4). Each experiment was
performed at 37 ± 0.5 ◦C using a thermostatic water bath. After 24 and 48 h, samples
were collected and filtered through a 0.45 µm cellulose acetate syringe membrane filter
(Millex™-GP, Merck KGaA, Darmstadt, Germany). The concentration of dissolved TBZ
was determined spectrophotometrically (Biochrom Libra S12, Cambridge, UK) at 298 nm.
PTOS·MH maximum UV absorption occurs at a lower wavelength not interfering with
TBZ quantification. All measurements were carried out in triplicate for each sample and
time point.

Intrinsic Dissolution Rate (IDR) Tests

The IDR of commercial TBZ and the TBZ–PTOS crystal was determined using 300 mg
powder tablets prepared with a hydraulic press (PerkinElmer, Norwalk, CT, USA)
at 4.5 tons for 120 s in a stainless-steel cylinder serving as the sample holder. The re-
sulting tablets had a diameter of 1 cm and a flat surface area of 0.785 cm2. Sample holders
were immersed in 500 mL of phosphate buffer (pH 7.4) at 37 ◦C and stirred at 200 rpm.
Filtered samples (to exclude undissolved particles) through full flow filters (Agilent, Santa
Clara, CA, USA) were automatically collected every 10 min using a peristaltic pump, and
UV absorption at 298 nm was measured. All experiments were performed in triplicate
and mean and standard deviations (%) were calculated. Slopes of the intrinsic dissolution
curves (amount dissolved per unit area over time) were determined by linear regression,
and dissolution behavior was compared using a t-test with p value < 0.05 considered
statistically significant.

In Vivo Activity

In vivo studies were conducted in accordance with the local cantonal veterinary guide-
lines, license number 545. Female NMRI mice (3 weeks old) were obtained from Charles
River and kept in individually ventilated cages with free access to food and water. The
animals were allowed a one-week acclimation period before infection. Immunosuppression
was achieved by adding dexamethasone (0.25 mg/L) to the drinking water, beginning
two days after arrival and continuing until two days prior to treatment. Mice were orally in-
fected with 100 infective third-stage larvae (L3) of Heligmosomoides polygyrus (H. polygyrus).
The life cycle of H. polygyrus is maintained at Swiss TPH. Fourteen days after infection, test
compounds were administered orally at doses of 100 or 200 mg/kg (n = 4 mice per group).
Four additional mice remained untreated as controls. Six to seven days after treatment,
mice were euthanized by CO2 asphyxiation. The entire gastrointestinal tract, including the
stomach and small intestine, was collected and dissected to recover adult worms. Worm
counts were performed for both treated and control groups, and worm burden reduction
(WBR%) was calculated as the percentage decrease in mean worm counts in treated groups
relative to controls.
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3. Results and Discussion
In this work, our aim was to obtain a new salt form of TBZ; therefore, the selection

of the coformer was based on its biological safety and the ∆pKa rule. The new salt was
prepared mechanochemically by milling TBZ with PTOS·MH in equimolar amounts under
ambient conditions. Since the crystallization of this salt into single crystals proved difficult
and considering that solution-based synthesis generally requires large amounts of solvent
and longer processing times, mechanochemistry was employed as a reliable and powerful
approach for the preparation of the pharmaceutical salt, affording high purity and yield.
The synthesis of the TBZ salt was successfully achieved by two different methods. In both
cases, the reactions were completed, as no trace of starting materials was detected in the
final products (Figure 2). On one hand, the salt could be obtained by adding 80 µL of liquid
to 400 mg of powder, followed by milling for 2 h at 25 Hz. These operational conditions
(milling time and frequency) had previously been successfully applied in the synthesis of a
molecular cocrystal [33] and a salt containing the same coformer [30]. Among the tested
liquids (hexane, methanol, and the more sustainable option 4-MeTHP), the most effective
proved to be 4-MeTHP, which demonstrated high efficiency even in small amounts (only
80 µL, compared with the 160 µL used in the cited works [30,33]).

Figure 2. PXRD patterns of TBZ-PTOS·MH co-ground for 2 h at 25 Hz using neat grinding (green)
and LAG with 80 µL 4-MeTHP (blue), compared with the physical mixture (purple) and the raw
materials: TBZ (black) and PTOS·MH (red).

The salt prepared using hexane exhibited poor physical properties due to extreme
electrostatic behavior, whereas methanol did not provide the same process yield, and the
resulting solid still contained residual crystalline phases (see the PXRD pattern in Figure S1
in the Supporting Information (SI) File). Therefore, 4-MeTHP was ultimately selected as
the grinding liquid, in the amount of 80 µL.

4-MeTHP, derived from renewable sources, is an aprotic solvent, immiscible with
water, and particularly suited for reactions carried out in biphasic environments (such as
nucleophilic substitution reactions, but also LAG processes). A relatively high boiling point
of 4-MeTHP allows for operation at temperatures above ambient conditions (after 2 h of
LAG at 25 Hz, a temperature of approximately 40–45 ◦C is reached [34]), while its low
viscosity favors molecular diffusion during milling. However, it has not yet been employed
in mechanochemical synthesis [31,32].
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A particularly interesting and distinctive feature of this salt is that even neat grinding
(NG), assisted solely by mechanical energy (2 h at 25 Hz), afforded the same salt. Notably,
the simple physical mixture (see Figure 2) does not induce any reaction between TBZ and
PTOS, highlighting that mechanical energy under appropriate operational conditions is
essential. This outcome is especially remarkable given that NG typically leads to amor-
phous phases [35], also in case of salts [30,36] or, in some cases, polymorphic forms [34,37],
whereas the addition of a liquid usually guides the system toward crystalline phases. This
observation highlights the role of liquid-assisted grinding (LAG) in steering crystalliza-
tion [38]. Yet it must be emphasized that PTOS is originally a monohydrate and therefore
intrinsically contains a fraction of water that can act as a grinding liquid. This dual func-
tionality underscores the strategic choice of PTOS·MH in the formation of the TBZ organic
salt. Indeed, PTOS·MH simultaneously acts as the counterion and provides, through its
intrinsic hydration, the necessary liquid medium for mechanochemical grinding. Such a
property not only facilitates salt formation under NG conditions but also highlights the
broader potential of hydrated coformers in pharmaceutical mechanochemistry.

Finally, the two coformers already interact in the simple physical mixture, as shown in
Figure 2, confirming the appropriate selection of the coformers. However, salt formation
occurs exclusively through mechanochemical activation as a result of the applied mechani-
cal energy. Thermal effects alone can be ruled out, since no salt formation is observed in the
PXRD pattern of the equimolar physical mixture after thermal treatment at 40 ◦C for 2 h
(see Supporting Information, Figure S2).

Given that the salt exists in a hydrated form, as will be explained in greater detail
later, the choice of liquid becomes particularly relevant to preserving its structural integrity.
The use of 4-MeTHP as grinding liquid is particularly appropriate, since its immiscibility
with water prevents dehydration. In contrast, methanol (MeOH), being fully miscible with
water, dehydrates PTOS·MH and thereby hinders crystallization. In other words, methanol
can promote water removal by dissolving it and facilitating its displacement throughout
the grinding process, thus preventing the crystallization of the hydrate. Consistently, water-
immiscible hexane also afforded the hydrated salt, albeit in lower yield, further confirming
the critical role of solvent miscibility in preserving hydration and enabling salt formation.

The salt obtained through both LAG and NG appears crystalline in the PXRD analysis,
displaying diffraction peaks clearly distinguishable from those of the starting materials as
well as from the simple physical mixture. The crystallinity of NG sample is only slightly
lower than that of the LAG-derived sample. In neither case residual signals of the starting
components are observed (Figure 2). As anticipated, the solid obtained in the presence of
MeOH differs from all the others, exhibiting a predominant phase that is distinct and most
likely corresponds to a polymorphic form of the tosylate salt, along with minor residual
amounts of unreacted TBZ (Figure S1 in the SI file).

Thermal analyses provided further insight into the crystalline salt phase. DSC, TGA,
and HSM were performed on the sample and compared with the pure coformers. The
thermogram of the salt in DSC appears complex and is characterized by several thermal
events. For clarity, Figure 3 reports the results of four different analyses, allowing for a more
comprehensive interpretation, while in Figure S2 in the SI all HSM images are reported.

The first event in DSC (black curve) is a rather broad endotherm between approxi-
mately 74.89 and 95.67 ◦C, attributable to sample dehydration, which corresponds to a 3.4%
mass loss in the TGA trace (red curve). During this event, the solid collapses (as observed
by HSM) and subsequently recrystallizes, giving rise to an exothermic event between
95 and 105 ◦C, leading to a new solid form that is also hydrated. A second dehydration
step is observed in the DSC as a sharp, bifurcated endotherm with two peaks at 110–112 ◦C,
corresponding in the TGA to a modest mass loss of 0.88%. Due to its low magnitude, this
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dehydration is hardly visible in HSM analysis. Overall, the total amount of water present
in the crystalline lattice of the salt corresponds to an equimolar salt-water ratio.

Figure 3. Cartoon representing TBZ-PTOS salt characterization: DSC (black curve), TGA (red curve),
PXRD (bottom) and HSM (top).

Finally, the solid melts with an extremely sharp and narrow endotherm, with an onset
at 204.70 ◦C (∆H = 76.74 J/g). Notably, the TGA also shows that the salt remains thermally
stable for an additional ~20 ◦C beyond its melting event, as no significant mass loss occurs
until temperatures exceed 230 ◦C. Combined DSC-PXRD experiments (i.e., sample heated
through DSC at 10 ◦C/min up to 130 ◦C) corroborate this result, revealing a new diffraction
pattern of a highly crystalline solid, clearly distinct from the initial salt pattern. The latter
phase is also formed from a phase originally different prepared by using MeOH as grinding
liquid (Figure S3).

SEM images in Figure 4 reveal that the morphology of the samples obtained through
NG or LAG with 4-MeTHP is essentially identical. The particles show a pronounced
size reduction, all measuring below 1 µm, and display the characteristic rounded-edge
morphology typical of mechanochemically produced solids [33,39]. In contrast, TBZ shows
a plate-like habit with an average diameter of approximately 3 µm.

https://doi.org/10.3390/cryst16010063
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Figure 4. SEM micrograph (mag 20,000×) of pure TBZ and of salt samples obtained by NG and LAG
in the presence of 4-MeTHP. Scale bar: 1 µm.

Considering the FTIR analyses of the two NG and LAG salts, it is noteworthy that both
the spectra are essentially identical (Figure 5), suggesting that both samples share essentially
the same type of intermolecular interactions between the two coformers, further confirming
the interchangeability of the two mechanochemical processes for producing the salt.

Figure 5. Comparison of spectra for TBZ-PTOS salt obtained by neat grinding (NG, green) and by
liquid-assisted grinding (LAG) with 4-MeTHP (blue).

Both the NG and LAG salt samples exhibit distinctive spectral signature, clearly
distinguishable from those of the starting materials (color-highlighted regions in Figure 6),
which is a typical confirmation of the formation of a new solid phase and can serve for
identification purposes. The most evident differences between the spectra of the salt and
TBZ are observed in the high-frequency region. The spectrum of the hydrated salt exhibits
a broad band between 3200–3600 cm−1, with a maximum around 3400 cm−1, which cannot
be unambiguously assigned. This region may include contributions from O–H stretching
vibrations of hydrated water as well as N–H stretching modes associated with protonated
nitrogen species. Also, a complex broad profile extending from 2250 to 3300 cm−1 is
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observed (blue block in Figure 6). This feature is typical of crystalline TBZ and reflects the
prominent role of intermolecular hydrogen bonding and anharmonic couplings involving
higher-energy vibrations and lattice modes [40], as it is absent in the spectrum of pure
TBZ [41]. These features are present with higher intensity and exhibit a blue shift in the
salt spectrum. Furthermore, protonation alters the electronic distribution and modifies
the C=N resonance. This is evident from the upward shift of the C=C and C=N vibrations
(phenyl + imidazole), originally observed at 1622, 1592 and 1579 cm−1, to ~1633 and
1595 cm−1, respectively. In addition, confirmation of TBZ protonation is provided by the
disappearance/shift of NH bending modes: the NH bending vibrations at 1403, 1254, and
901 cm−1 (scissoring, wagging, and rocking, respectively) undergo changes, with the band
at 901 cm−1 remaining unchanged, the band at 1403 cm−1 shifting upward to ~1423 cm−1,
and the band at 1254 cm−1 disappearing.

Figure 6. FTIR spectra of TBZ-PTOS salt obtained by LAG (blue), compared with pure TBZ (black)
and PTOS·MH (red). Color-highlighted regions correspond to most diagnostic spectral signatures.
The spectrum of the NG salt is omitted for clarity, as it is superimposable with the LAG spectrum
(see Figure 5).

While FTIR and long-term PXRD stability data (discussed below) indicate that water
is an integral component of the hydrogen bond network, definitive assignment of its
structural role would require crystallographic analysis.

As mentioned previously, the primary objective of the present study was to enhance the
solubility of TBZ, a drug with inherently low water solubility, through a mechanochemical
approach. To elucidate this, the solubility (Cs) of TBZ and TBZ-PTOS salt were determined
and compared. Since the salts obtained by NG and LAG were identical, only the latter was
subjected to solubility and intrinsic dissolution rate (IDR) tests.

It was determined that pure TBZ at 37 ◦C in pH 7.4 phosphate buffer reached equilib-
rium after 48 h, with calculated Cs of 27.65 ± 3.79 mg L−1 after 24 h and 34.65 ± 1.17 mg L−1

(mean ± s.d., n = 3) after 48 h, which is comparable to data from the literature [12,13].
Under the same tested conditions, the newly prepared multicomponent TBZ–PTOS system
reached equilibrium within 24 h, maintaining the supersaturation over the entire period.
Specifically, the achieved Cs was 2542.51 ± 448.36 mg L−1 and 2485.06 ± 340.23 mg L−1

after 24 and 48 h, respectively. It is evident that combining TBZ with PTOS, assisted
by 4-MeTHP, led to ~70-fold increase in solubility of the tested drug. According to the
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European Pharmacopoeia [42], the solubility of pure TBZ can be classified as practically
insoluble (more than 10,000 mL of solvent per gram of solute), whereas with the formation
of a multicomponent system a slightly soluble (~100–1000 mL of solvent per gram of solute)
behavior of TBZ was achieved.

IDR is an important factor closely linked to the onset and persistence of API therapeutic
effect [43]. The IDRs of commercial TBZ and TBZ multicomponent solid were monitored for
comparative assessment to elucidate the hypothesized differences in dissolution behavior.
The calculated values reveal significant differences in the dissolution rates, specifically,
the IDR for TBZ was 0.013 ± 0.001 mg cm−2min−1, whereas the multicomponent system
dissolved almost 2-fold faster with IDR of 0.025 ± 0.003 mg cm−2min−1. The trend is
evident also from Figure 7, with statistically significant differences between the slopes of
the TBZ and TBZ-PTOS dissolution profiles (p = 0.015) as well as between values of the
individual sampling points (p < 0.001).

Figure 7. Intrinsic dissolution rates of TBZ and TBZ-PTOS salt in phosphate buffer (pH 7.4).

Although the enhancement in IDR is less pronounced than the increase in equilibrium
solubility, this behavior is not associated with surface disproportionation or solution-
mediated phase transformation. The salt enhances dissolution, and the non-converging
straight lines indicate solid-state stability during dissolution, which is further confirmed by
PXRD analysis of the tablet surface after the IDR experiment, showing preservation of the
TBZ–PTOS crystal structure with no evidence of free TBZ formation (Figure 8).

According to the Noyes–Whitney equation, an increase in solubility is usually asso-
ciated with an increase in IDR; however, since IDR is a function of several parameters,
solubility data are insufficient to predict the extent of the IDR enhancement. Solubility is a
thermodynamic parameter that defines the maximum concentration attainable in solution
under saturation conditions. It is strongly influenced by the chemical nature of the salt,
the strength of ionic interactions, and the ability of the solvent to stabilize the dissolved
species. In contrast, the IDR is a kinetic parameter, which is additionally governed by the
crystal lattice energy and by diffusion processes occurring within the boundary layer at
the solid–liquid interface. Dissolution of the compounds with high melting temperature
(>200 ◦C) is typically hindered by their slow dissociation from crystal lattice [44].
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Figure 8. PXRD patterns of solid samples collected after 1 h of IDR analysis at 37 ◦C in pH 7.4,
compared with the starting solids.

According to our results, it is plausible that a tosylate salt exhibits slower diffusion
compared to the free base, thereby compensating—at least during the initial stages of
dissolution (1 h of IDR)—for the substantial difference in solubility. In this context the IDR
is governed (differently from the Cs) by the diffusion coefficient (D) and the thickness of
the diffusion layer (h). Consequently, the increase in Cs does not translate linearly into
an enhancement of IDR. During the first hour of dissolution, the D/h term may become
the limiting factor. If the salt displays slower diffusion, the pronounced increase in Cs
does not immediately result in a proportional acceleration of the dissolution rate. As a
result, the IDR of the salt may be only two to three times higher, as in our case, rather
than one hundred times, since the kinetics are counterbalanced by the reduced D. Classical
dissolution tests performed on pure TBZ and on the salt, in powder form and in the same
dissolution medium (results reported in Figure S4 in the SI File), show that although the
dissolution of the salt is markedly superior in terms of rate and amount dissolved, it does
not exhibit the typical behavior of a supersaturated system, which is characterized by an
initial overshoot—i.e., a rapid increase in dissolved concentration beyond the equilibrium
solubility. Specifically, the amount of dissolved pure TBZ was below 4% after 1 h and
reached 9% after 5 h of testing, whereas TBZ in salt form showed approximately 40%
dissolved after 1 h, reaching 69% only after 5 h. This behavior indicates that the improved
dissolution performance of the salt is attributable to its intrinsic solid-state features rather
than to transient supersaturation phenomena.

It should be also stated that after IDR tests, the pH of the medium remained at the
initial value (7.4).

TBZ-PTOS salt obtained by LAG and pure TBZ were tested at doses of 100 and
200 mg/kg, respectively in the H. polygyrus mouse model. As can be seen from the Table 1,
similar moderate worm burden reductions of 62 and 64.5% were observed, indicating that
conversion of TBZ into a new multicomponent salt form (TBZ-PTOS) had no negative
impact on API anthelmintic activity. The latter offers valuable insight related to in vivo
activity of TBZ. Nevertheless, further confirmation with a larger sample size is required to
enable more generalizable conclusions.

Furthermore, the comparable worm burden reduction observed for TBZ and TBZ–
PTOS suggests that the therapeutic effect of TBZ may not be solubility-limited under the
tested dosing conditions. Importantly, conversion of TBZ into the tosylate salt does not
impair its anthelmintic efficacy, confirming that the mechanochemical formulation pre-
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serves biological activity while offering substantial advantages in terms of physicochemical
properties and sustainability.

Table 1. Average worm number and percentage reduction in worm burden following administration
of TBZ-PTOS salt and TBZ.

Drug Dose (mg/kg) No. of Mice
Cured/Studied

Average Worm Number
(SD)

Worm Burden
Reduction (%)

TBZ-PTOS salt * 200 0/4 21.0 (3.0) 64.5
TBZ ** 100 0/4 26.3 (2.2) 62.0

Control 1 - 0/4 58.8 (6.7) -
Control 2 - 0/4 69.3 (3.7) -

* calculated versus control 1. ** calculated versus control 2.

The physical stability of the salt hydrate, as evidenced by the previously discussed
solid-state characterizations, is strongly governed by the presence of crystalline water.
Maintaining this hydration state is essential for storage, handling, and practical use, as
the integrity of the hydrate directly influences its performance and shelf-life. For this
reason, we evaluated the stability of the hydrated salt under four different temperature
conditions—freezer, refrigerator, room temperature, and 40 ◦C—over an extended period
of 18 months, monitoring its solid-state form through PXRD. The results (Figure S5 in the
SI File) are highly encouraging, namely no changes in the crystalline phase were observed
throughout the entire study, fully consistent with the thermal stability previously indicated
by TGA.

4. Conclusions
The guiding principle of this study was to develop a greener and more efficient

multicomponent TBZ system. In detail, by utilizing mechanochemical energy, new hydrate
crystal form of TBZ was prepared. The latter exhibited a remarkable ~70-fold increase
in solubility compared to pure TBZ and retained its solid-state form for up to 18 months,
thus considered physically stable. As demonstrated by PXRD analysis, no trace of starting
materials was detected in the systems regardless of whether NG or LAG was applied.
The grinding process yielded rounded-edge particles with reduced size seen from SEM
micrographs, while TGA reveals thermal stability of new TBZ salt form up to 230 ◦C. Our
sustainable approach has clear pharmaceutical relevance and provides meaningful potential
in the food-related contexts, such the anthelmintic efficacy of TBZ salt form is retained.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst16010063/s1, Figure S1. PXRD pattern comparison of TBZ
and PTOS·MH coground in equimolar ratio for 2 h at 25 Hz in the presence of different grinding
liquids and processed by NG. Figure S2. PXRD patterns of TBZ-PTOS·MH co-ground for 2 h at
25 Hz using LAG with 80 µL 4-MeTHP (blue), compared with the physical mixture (purple) and the
physical mixture treated for 2 h at 40 ◦C (teal green). Figure S3. HSM images (mag 10×) of TBZ-PTOS
salt from 25 ◦C to 205 ◦C. Figure S4. PXRD pattern comparison of the salt (prepared by LAG with
4-MeTHP) at room temperature and the new solid phase formed after heating at 10 ◦C/min from
30 ◦C to 160 ◦C. Please note that the same phase is also formed from a phase originally different as it
was prepared by using MeOH as grinding liquid. Figure S5. Mean dissolution profiles (n = 3) of 3 mg
of pure TBZ (black) and an equivalent TBZ amount from the salt (blue) in 150 mL of phosphate buffer
pH 7.4 at 37 ◦C. Please note that standard deviations are smaller than 0.005 and are not visible at the
scale of the plot. Figure S6. PXRD results of salt physical stability at different storage temperatures
over the period of 18 months.
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19. Budetić, M.; Kopf, D.; Dandić, A.; Samardžić, M. Review of Characteristics and Analytical Methods for Determination of
Thiabendazole. Molecules 2023, 28, 3926. [CrossRef]

20. Aeindartehran, L.; Lefton, J.B.; Burleson, J.; Unruh, D.K.; Runčevski, T. Soluble Thiabendazolium Salts with Anthelminthic
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36. D’Abbrunzo, I.; Birolo, R.; Chierotti, M.R.; Bučar, D.-K.; Voinovich, D.; Perissutti, B.; Hasa, D. Enantiospecific Crystallisation
Behaviour of Malic Acid in Mechanochemical Reactions with Vinpocetine. Eur. J. Pharm. Biopharm. 2024, 201, 114344. [CrossRef]

37. Zanolla, D.; Perissutti, B.; Passerini, N.; Chierotti, M.R.; Hasa, D.; Voinovich, D.; Gigli, L.; Demitri, N.; Geremia, S.; Keiser, J.; et al.
A New Soluble and Bioactive Polymorph of Praziquantel. Eur. J. Pharm. Biopharm. 2018, 127, 19–28. [CrossRef] [PubMed]

38. D’Abbrunzo, I.; Hasa, D. More than “Just a Drop”: The Enigmatic Role of Liquid Additives in Mechanochemistry.
CrystEngComm 2026. [CrossRef]
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