Article

Impact of Manganese Coordination and Cyclodextrin-Assisted
Formulation on Thiabendazole Dissolution and Endothelial
Cell Migration

Carmen-Ecaterina Leferman, Lacramioara Ochiuz *, Laura Stoica, Liliana Georgeta Foia '/, Bogdan Minea ',
Cezar Ilie Foia, Victor Constantinescu, Oana Olariu ‘¥, Alin Dumitru Ciubotaru * and Bogdan Alexandru Stoica

Grigore T. Popa University of Medicine and Pharmacy, 700115 Iasi, Romania;
carmen-ecaterina.leferman@umfiasi.ro (C.-E.L.); lacramioara.ochiuz@umfiasi.ro (L.O.);
laurastoica2004@yahoo.com (L.S.); georgeta.foia@umfiasi.ro (L.G.F.); bogdan-minea@umfiasi.ro (B.M.);
foia.cezar-ilie@d.umfiasi.ro (C.LE); victor.constantinescu@umfiasi.ro (V.C.); oana-olariu@umfiasi.ro (0.0.);
bogdan.stoica@umfiasi.ro (B.A.S.)

* Correspondence: alin-dumitru_ciubotaru@umfiasi.ro

Abstract

Background: Thiabendazole (TBZ), a benzimidazole with established antifungal and an-
thelmintic properties, has also been reported to exert antiangiogenic effects relevant to
tissue remodeling and chronic inflammatory microenvironments. The present study exam-
ined how manganese coordination and cyclodextrin modify the dissolution behavior and
endothelial activity of TBZ. Methods: Antiangiogenic potential was assessed through a hu-
man umbilical vein endothelial cells (HUVECS) scratch-wound migration assay. Dissolution
profiles of TBZ, manganese-thiabendazole (MnTBZ), and MnTBZ/monochlorotriazynil-f3-
cyclodextrin (MCT-3-CD) formulation were evaluated under biorelevant pH conditions
(1.2,4.5, 6.8, 7.4) using the paddle method. Results: TBZ displayed a more rapid and exten-
sive dissolution at pH 1.2, compared to MnTBZ. Partial dissociation at pH 4.5 modestly
improved TBZ availability, while dissolution remained minimal at neutral pH. MCT-3-CD
enhanced the solubility of MnTBZ at pH > 6.8. In agreement with these profiles, TBZ
exerted the strongest inhibition of endothelial migration, followed by MnTBZ/MCT-3-CD
and MnTBZ. Conclusions: Manganese coordination and cyclodextrin formulation modulate
both the dissolution behavior and endothelial migration-inhibitory activity of TBZ, suggest-
ing that such formulation approaches may influence the delivery-related and functional
properties of benzimidazole derivatives.

Keywords: thiabendazole; manganese complex; cyclodextrin; antiangiogenic activity; HUVEC
scratch assay; benzimidazole derivatives; pH-dependent solubility; drug repurposing
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occur, contributing to disorders such as cancer, diabetic retinopathy, rheumatoid arthritis,
and chronic inflammation [3,4].

A variety of antiangiogenic agents, including monoclonal antibodies (e.g., beva-
cizumab), small-molecule tyrosine kinase inhibitors (such as sunitinib, sorafenib, and
axitinib), and endogenous inhibitors like endostatin and angiostatin, have been developed
to suppress pathological neovascularization by targeting the vascular endothelial growth
factor (VEGF) signaling pathway [5,6]. While these therapies have shown clinical benefit in
several cancers and ocular diseases [7,8] their use may be limited by adverse effects, high
costs, and reduced accessibility [9,10] prompting interest in alternative or complementary
approaches [11].

In this context, drug repurposing—the identification of new uses for approved drugs—
represents a pragmatic strategy, supported by known pharmacokinetics and established
safety profiles [12,13] This approach also allows the exploration of compounds acting
through non-classical angiogenic mechanisms, such as cytoskeletal remodeling or redox
regulation [14,15].

Among repurposed pharmacological agents, thiabendazole (TBZ)—a benzimidazole
derivative approved by the U.S. Food and Drug Administration in 1967 for antifungal and
anthelmintic use—has emerged as an unexpected vascular disrupting agent with potent
antiangiogenic activity [16]. Initially identified through evolutionary network analysis,
TBZ was shown to inhibit endothelial cell proliferation, migration, and capillary morpho-
genesis, while also disassembling pre-existing vasculature in Xenopus sp. and mammalian
models [17]. Remarkably, TBZ induces endothelial cell rounding and vessel regression with-
out triggering apoptosis, and these effects are reversible upon drug withdrawal, consistent
with a cytoskeletal mechanism of action [18,19].

Subsequent molecular studies revealed that TBZ acts primarily through interaction
with B-tubulin, specifically targeting the TUBBS isotype expressed in endothelial cells.
By perturbing microtubule polymerization dynamics, TBZ destabilizes the endothelial
cytoskeleton and inhibits angiogenic sprouting. This selective mechanism accounts for its
strong vascular effects with minimal systemic toxicity [20]. Further optimization led to
derivatives such as TBZ-07 and TBZ-19, which exhibit markedly enhanced potency against
endothelial proliferation and tube formation [16]. Collectively, these findings identify
TBZ and its derivatives as promising scaffolds for developing novel antiangiogenic and
vascular-targeting agents.

A number of transition-metal coordination compounds have shown antiangiogenic
effects by influencing endothelial signaling, oxidative stress, and vessel formation. For
instance, Ru(Ill) complexes such as NAMI-A and KP1339 inhibit VEGF- and nitric-oxide-
mediated endothelial migration and microvessel growth [21], while Zn(II) and Cu(II)
complexes of benzimidazole ligands exhibit higher cytotoxic and antiangiogenic activity
compared with their free ligands [22,23].

In this context, manganese complexes are of interest due to their biocompatibility and
redox activity, which may support oxidative modulation and metabolic stability [24]. These
properties provide a rationale for exploring manganese—thiabendazole (MnTBZ) complexes
as potential modulators of TBZ’s biological behavior. In addition, metal coordination can
influence key biopharmaceutical parameters such as solubility and release kinetics [25].
Given the poor aqueous solubility of TBZ, such modifications may have a relevant impact
on its biological performance [26].

In contrast, cyclodextrins (CD) can counteract the solubility limitations imposed by
coordination stability by forming inclusion complexes that enhance apparent aqueous
solubility and prevent drug precipitation [27-30]. This strategy has been successfully ap-
plied to benzimidazoles such as TBZ and albendazole, improving their dissolution and
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bioavailability [31,32]. Thus, metal coordination and CD inclusion represent complemen-
tary approaches capable of modulating TBZ’s release profile—from delayed release in the
case of stable complexes to accelerated dissolution when inclusion complexes dominate the
equilibrium [33-35].

In the present study, we reproduced the synthesis of the MnTBZ complex according to
previously described procedures [36] and conducted a comparative evaluation of its disso-
lution profile relative to the parent drug and to a formulation with monochlorotriazynil-{3-
cyclodextrin (MCT-f3-CD). In parallel, the scratch wound assay was employed using human
umbilical vein endothelial cells (HUVEC) to assess whether Mn complexation influences
TBZ'’s ability to modulate endothelial cell migration, a critical step in angiogenesis. In
this regard, these experiments aim to provide preliminary insight into how manganese
coordination may alter both the solubility and biological activity of TBZ, contributing to a
deeper understanding of metal complexation as a tool for optimizing the pharmacological
behavior of repurposed drugs.

2. Materials and Methods

2.1. Chemicals and Reagents

Thiabendazole > 98% purity (Figure 1a) was purchased from Sigma-Aldrich/Merck (St.
Louis, MO, USA) and used without further purification. The manganese-thiabendazole com-
plex (MnTBZ), corresponding to the composition [Mn(TBZ)(TBZH)(CH3COO)]-0.5H,0, was
prepared according to the procedure previously described [36]. Briefly, Mn(CH3COO),-4H,0O
(0.5 g, 2.04 mmol) was dissolved in ethanol (100 mL) and reacted under reflux for 3 h with
TBZ (0.82 g, 4.08 mmol). The resulting off-white solid was filtered, washed with ethanol
and water, and air-dried (yield: 52%). The product’s insolubility in water, ethanol, methanol,
acetone, and DMSO is consistent with literature reports, and our study follows the structural
information established in previous spectroscopic and analytical investigations [36].

Figure 1. The structures of thiabendazole (a) and MCT-3-CD (b).

Monochlorotriazynil-f3-cyclodextrin > 97% (Figure 1b) was obtained from Sigma-
Aldrich and mixed with MnTBZ in a 1:1 molar ratio by manual trituration, followed
by mechanical and ultrasound homogenization. All other solvents and reagents used
for synthesis, dissolution studies, and cell experiments (HCI, sodium acetate, phosphate
buffers, ethanol, DMSO, phosphate-buffered saline, cell culture media) were of analytical
grade and purchased from Sigma-Aldrich or Merck. Ultrapure water (18.2 M()-cm) was
prepared using a Milli-Q system (Millipore, Burlington, MA, USA).
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2.2. Dissolution Studies

The intrinsic dissolution behavior of TBZ, MnTBZ, and a MnTBZ/MCT-3-CD formu-
lation (MnTBZ-CD) was evaluated using a USP Apparatus II (paddle method; Hanson
Research Vision G2 Classic 6, Hanson Research, Chatsworth, CA, USA). Dissolution test-
ing was performed in 500 mL of medium at 37 £ 0.5 °C with paddle rotation at 60 rpm.
Biorelevant media were used to simulate different regions of the gastrointestinal tract:
0.1 N HCI (pH 1.2, gastric environment), acetate buffer (pH 4.5, transition from stomach
to duodenum), and phosphate buffers at pH 6.8 and 7.4 (small intestine and distal intesti-
nal/physiological conditions). For each experiment, 110 mg of TBZ, MnTBZ, or a 1:1 molar
MnTBZ/MCT-3-CD mixture were added to the dissolution vessel. The mass of each sample
introduced into the dissolution vessel was normalized to contain the same TBZ-equivalent
amount. Accordingly, the quantity of MnTBZ and MnTBZ/MCT-p-CD was calculated
based on the TBZ content of the complex. Aliquots of 2 mL were withdrawn at predefined
intervals (5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, 270, and 300 min), immediately
filtered through 0.45 um membranes to remove undissolved particles, and replaced with
an equal volume of preheated medium to maintain constant volume and sink conditions.

MCT-B-CD was added to assess its ability to enhance the aqueous solubility and
dissolution rate of MnTBZ, a well-established strategy for improving the performance
of poorly water-soluble drugs. MCT-3-CD was selected for further studies based on
preliminary screening experiments showing its superior ability to enhance the dissolution
of MnTBZ compared to the other cyclodextrin derivatives tested.

The concentration of dissolved compound was determined by UV-VIS spectropho-
tometry at 298 nm [37], where both TBZ and MnTBZ exhibit maximum absorbance. Cal-
ibration curves were prepared in each medium to ensure accuracy (R = 0.992-0.998;
LOD = 0.0014-0.0031 mg/mL; LOQ = 0.0042-0.0093 mg/dL). Dissolution profiles were
expressed as the percentage of drug dissolved versus time, and the influence of pH on
dissolution kinetics was evaluated. All measurements were carried out in triplicate (1 = 3),
and results were expressed as mean =+ standard deviation (SD).

2.3. Cell Culture and Scratch Wound Migration Assay

Human umbilical vein endothelial cells (HUVEC; PromoCell, Heidelberg, Germany)
were used between passages 4 and 9 and maintained on 0.1% gelatin-coated plates in
Endothelial Growth Medium-2 (EGM-2; Lonza, Basel, Switzerland) at 37 °C and 5% CO,.
For the scratch assay, HUVEC were seeded in 24-well plates (1.2 x 10° cells/well) and
grown to confluence. A linear wound was created using a sterile 200 uL pipette tip,
detached cells were removed by washing with PBS, and cells were incubated in Endothelial
Basal Medium-2 (EBM-2; Lonza) containing 1% DMSO (vehicle control), 250 uM TBZ,
an equimolar concentration of MnTBZ, or a 1:1 molar mixture of MnTBZ/MCT-3-CD
(TBZ-equivalent concentration).

Images were taken at 0 h and 24 h using a Nikon Eclipse TS100 microscope (Nikon
Corporation, Tokyo, Japan) Scratch width was measured in micrometers at three prede-
fined points per well using Image] (v. 1.54f, National Institutes of Health, Bethesda, MD,
USA), and the mean value was used for calculations. Wound closure (%) was defined
as [1 — (d(o4n)/d(ony)] x 100, where dgj, represents the mean scratch width at 0 h and dyg;,
represents the mean scratch width at 24 h. The experimental design followed the protocol
adapted from Cha et al. (2012) [17].

2.4. Statistical Analysis

All experiments were performed in triplicate independent replicates (1 = 3), and results
are presented as mean =+ SD. Statistical significance between treatment groups was assessed
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by one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. Differences
were considered statistically significant at p < 0.05. Data processing and graph generation
were carried out using GraphPad Prism 10.6 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. HUVEC Scratch Assay

In the scratch-wound assay, untreated HUVEC monolayers showed efficient migratory
activity and nearly complete wound closure after 24 h (Figure 2).

Figure 2. Effect of TBZ, MnTBZ-CD and MnTBZ on HUVEC migration in the scratch-wound assay.
Representative phase-contrast images of HUVEC samples immediately after scratching (0 h, top row)
and after 24 h of treatment (bottom row) with the control (M), TBZ, MnTBZ/CD or MnTBZ. Control
cells achieved full closure at 24 h, whereas TBZ-based treatments left substantial residual wound
gaps (TBZ: ~600 pm; MnTBZ-CD: ~570 um; MnTBZ: ~500 um), consistent with the reduced closure
percentages observed in the quantitative analysis. TBZ produced the strongest inhibition, followed
by MnTBZ-CD and MnTBZ. Scale bar = 200 pum.

Cells exposed to free TBZ showed the strongest inhibition, leaving a residual wound
width of 600 4 30 um, corresponding to 31.8 £ 5.6% closure and 68% inhibition. The
MnTBZ-CD formulation produced a similar but slightly weaker effect, with a remaining
gap of 570 £ 30 um (35.23 £ 5.7% closure, 65% inhibition). MnTBZ alone exhibited the
mildest inhibition, with a residual width of 500 &+ 30 um, corresponding to 43.1 £ 5.9%
closure and 57% inhibition. These numerical results align with the visual assessment,
demonstrating that all three formulations significantly reduced endothelial migration
compared with the untreated control, with TBZ exerting the strongest anti-migratory effect
and MnTBZ-CD and MnTBZ showing similar but less pronounced inhibition.

At baseline (0 h), the scratch width was consistent across all conditions. After 24 h,
the control samples showed almost complete wound closure, whereas all treated groups
displayed substantially larger remaining wound distances, indicating reduced endothelial
migratory capacity (Figure 3).

One-way ANOVA demonstrated a highly significant overall treatment effect (p < 0.0001).
Tukey’s multiple comparisons test confirmed that all three treatments differed significantly
from the control (adjusted p < 0.0001 for TBZ, MnTBZ-CD, and MnTBZ). Comparisons
among the treatments showed that TBZ inhibited migration significantly more than MnTBZ
(p = 0.0333), while TBZ vs. MnTBZ-CD and MnTBZ-CD vs. MnTBZ were not statistically
significant. These results indicate that although TBZ exerts the strongest inhibitory effect,
MnTBZ-CD and MnTBZ reduce wound closure to a similar degree.

At 24 h, the scratch assay revealed marked differences in wound repair among the
tested conditions (Figure 3b).
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Figure 3. Effects of TBZ, MnTBZ-CD, and MnTBZ on HUVEC migration in the scratch-wound assay:
(a) Scratch-wound distance (um) measured at 0 h (blue) and 24 h (red) in HUVEC monolayers treated
with Control, TBZ, MnTBZ-CD, or MnTBZ. Control cultures achieved near-complete wound closure
by 24 h, whereas all treatment groups retained substantial wound gaps, indicating reduced migratory
activity. (b) Wound closure percentage after 24 h, calculated as (initial scratch width — final scratch
width)/initial scratch width x 100. All TBZ-based formulations significantly decreased wound
closure relative to Control. Data are presented as mean £ SD (n = 3). Statistical significance was
assessed by one-way ANOVA with Tukey’s post hoc test. Asterisks indicate significant differences
versus Control or between treatment groups (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

Tukey’s multiple comparisons test confirmed that all three treatments showed sig-
nificantly higher inhibition of wound closure compared with the control (TBZ: 68.20%,
MnTBZ-CD: 64.77%, MnTBZ: 56.90%; all adjusted p < 0.0001). Comparisons among the
treatments further showed that TBZ and MnTBZ-CD did not differ significantly from
each other, indicating similar levels of inhibition. However, TBZ exhibited significantly
stronger inhibition than MnTBZ (p = 0.0004), and MnTBZ-CD also inhibited migration
significantly more than MnTBZ (p = 0.0046). Overall, the statistical analysis demonstrates a
clear gradient of anti-migratory activity, with TBZ and MnTBZ-CD producing the strongest
inhibition and MnTBZ showing a comparatively weaker, but still significant, effect.

3.2. pH-Dependent Dissolution Profiles of TBZ, MnTBZ, and MnTBZ-CD

At pH 1.2, all three formulations demonstrated rapid dissolution, with clear differences
in early-phase kinetics (Figure 4).

TBZ showed the steepest initial increase, surpassing 70% dissolution by the 5 min
time point and exceeding 80% by 10 min. MnTBZ and MnTBZ-CD displayed slower initial
profiles, reaching approximately 50-65% at 10 min, but both continued to increase and
converged with TBZ between 15 and 20 min. After this initial phase, all formulations
reached a stable plateau near 85-90% dissolution, which remained constant throughout
the 360 min interval. Two-way ANOVA demonstrated a significant effect of time and for-
mulation (both p < 0.0001), confirming that the compounds differ in their early dissolution
kinetics, whereas the later plateau phase shows no substantial divergence between the
three formulations.

https:/ /doi.org/10.3390/germs16010001


https://doi.org/10.3390/germs16010001

GERMS 2026, 16, 1

7 of 16

pH 1.2
120-
- TBZ

5 FiHEEEE = e
® 80~ - MnTBZ-CD
€
Q
Q
5
8 40+
R

0 | || 1 1 | i | | 1 | |
0 5 101520 253030 120 210 300 390

Time (minutes)

Figure 4. Dissolution profiles of TBZ, MnTBZ, and MnTBZ-CD at pH 1.2. Time-dependent dissolution
of TBZ, MnTBZ and the MnTBZ-CD expressed as percentage of dissolved compound over a 360 min
interval. Curves represent mean =+ SD (n = 3). TBZ showed the fastest initial dissolution, reaching
>80% within the first 10 min. MnTBZ and MnTBZ-CD exhibited slower early-phase dissolution
but reached comparable plateau values after approximately 20 min. All formulations approached
near-complete dissolution by 30 min and maintained stable levels thereafter.

At pH 4.5, clear formulation-dependent differences in dissolution behavior were

observed (Figure 5).
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Figure 5. Dissolution profiles of TBZ, MnTBZ, and MnTBZ-CD at pH 4.5. Dissolution kinetics of
TBZ, MnTBZ, and MnTBZ-CD in a pH 4.5 medium over a 360 min interval. Data are expressed as
mean =+ SD (1 = 3). MnTBZ-CD displayed the highest dissolution across all time points, followed
by MnTBZ and TBZ. All three compounds showed a progressive increase in the dissolved fraction,
reaching stable plateau values beginning around 180 min.

MnTBZ-CD exhibited the most pronounced solubility enhancement, achieving ap-
proximately 15% dissolution by the 15 min mark and increasing steadily to values above
25% by the end of the experiment. MnTBZ showed intermediate performance, with dis-
solution rising from ~5% at early time points to around 24% at 360 min. TBZ consistently
presented the lowest values, beginning near 2-3% and gradually approaching ~23% at the
plateau phase. Two-way ANOVA confirmed significant effects of both formulation and
time (p < 0.0001 for both factors), as well as a significant interaction (p < 0.001), indicating
that the dissolution kinetics differed meaningfully among the three compounds across the
entire time course.

At pH 6.8, distinct solubility patterns were observed among the three formulations

(Figure 6).
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Figure 6. Dissolution profiles of TBZ, MnTBZ, and MnTBZ-CD at pH 6.8. Dissolution kinetics
of TBZ, MnTBZ, and MnTBZ-CD in a pH 6.8 medium over a 360 min interval. Values represent
mean + SD (n = 3). TBZ showed the most pronounced increase in dissolved fraction over time,
followed by MnTBZ-CD and MnTBZ. All three compounds demonstrated a gradual and sustained
rise in solubility throughout the monitored period.

TBZ exhibited the highest dissolution across all time points, rising rapidly during the
first 30 min and continuing with a moderate upward trajectory to reach values close to
18% by 360 min. MnTBZ-CD displayed an intermediate profile, increasing steadily and
approaching approximately 10% at the final time point. MnTBZ presented the lowest over-
all dissolution, showing a gradual increase that plateaued near 7-8%. Two-way ANOVA
demonstrated statistically significant effects of both formulation and time (p < 0.0001 for
both), as well as a significant interaction between the two factors (p < 0.0001), confirming
that the dissolution kinetics differed across the three compounds throughout the observa-
tion period.

At pH 7.4, dissolution proceeded more slowly compared with acidic conditions, yet
clear formulation-dependent differences were observed (Figure 7).

pPH7.4

-~ TBZ
- MnTBZ
—4 MnTBZ-CD

% Concentration

I | I 1
0 100 200 300 400
Time (minutes)
Figure 7. Dissolution profiles of TBZ, MnTBZ, and MnTBZ-CD at pH 7.4. Dissolution curves of TBZ,
MnTBZ, and MnTBZ-CD in buffered medium at pH 7.4 over a 360 min interval. Data are shown as
mean =+ SD (n = 3). TBZ displayed the highest solubility across all measured time points, followed by
MnTBZ-CD and MnTBZ. All formulations demonstrated a gradual increase in dissolved fraction

throughout the experiment.

TBZ consistently exhibited the highest solubility, increasing steadily from early time
points and reaching values above 13% by the end of the experiment. MnTBZ-CD showed
an intermediate profile, with dissolution rising progressively to approximately 10% at
360 min. MnTBZ demonstrated the lowest overall solubility, increasing gradually but
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remaining below 7% throughout the entire period. Two-way ANOVA indicated significant
main effects of formulation and time (both p < 0.0001), as well as a significant interaction
between formulation and time (p < 0.0001), confirming that dissolution kinetics differed
substantially among the three compounds at physiological pH.

4. Discussion

TBZ, a benzimidazole derivative originally developed as a broad-spectrum an-
thelmintic agent, has gained increasing scientific interest in recent years following the
discovery of its antiangiogenic properties [17,38]. Beyond its classical antiparasitic mech-
anism, TBZ has been shown to inhibit the formation of new blood vessels by interfering
with microtubule dynamics and with the VEGF-mediated signaling pathways. This ability
to modulate endothelial cell behavior and to disrupt key steps of angiogenesis positions it
among the potential vascular disrupting agents with antineoplastic relevance [20,39]. In
the present study, the antiangiogenic potential of free TBZ and its manganese complex
(MnTBZ) was comparatively evaluated using an in vitro scratch assay on HUVEC cells.
The obtained results showed that both compounds significantly reduced endothelial cell
migration and wound closure capacity compared to the control, with the inhibitory effect
being stronger for the free TBZ. To further explore whether these biological differences
could be related to physicochemical behavior, dissolution assessments were performed
for all tested substances, including the 1:1 cyclodextrin formulation. These analyses con-
firmed the markedly lower solubility of the MnTBZ complex across the tested pH range,
a feature that likely limited its apparent in vitro activity. Nevertheless, such a property
might, under physiological conditions, confer a distinct profile, suggestive of a slower
dissolution of TBZ.

Across all pH conditions, with the exception of pH 4.5, manganese complexation had
the clear effect of slowing the dissolution rate and reducing the extent of TBZ release relative
to the free drug. This is attributable to the poor aqueous solubility of the coordination
complex itself [40,41]. The complex MnTBZ is a stable, water-insoluble solid, so TBZ must
first detach from Mn?* (e.g., via protonation or ligand exchange) to enter solution [42,43].
At low pH (1.2), this detachment can occur readily (protonating TBZ promotes complex
dissociation), allowing the complex eventually to release most of its TBZ content, albeit
at a slower pace. At pH 4.5, which lies in a mildly acidic range, partial protonation of the
TBZ ligand is likely to facilitate limited dissociation or loosening of the MnTBZ structure
and/or improve wetting of the solid surface, allowing a slightly larger fraction of ligand
to partition into the aqueous phase. In contrast, free TBZ is expected to display reduced
solubility near this pH, where it is less extensively ionized, so its dissolved fraction remains
lower than that of the complex. At higher pH, however, the complex remains largely intact,
reducing TBZ availability. In essence, MnTBZ behaves as a pH-responsive formulation: it
is relatively inert in neutral media but can release TBZ in acidic environments [40,44—46].

This pattern suggests a potential for site-specific or sustained release. A MnTBZ
complex could, for instance, undergo partial dissociation in the highly acidic gastric en-
vironment and then release little additional drug until encountering similarly acidic mi-
croenvironments at the tissue or cellular level. A practical limitation, however, is the risk
of incomplete dissociation and reduced systemic bioavailability; if the complex remains
largely intact, a significant fraction of the dose may simply transit the gastrointestinal tract
unabsorbed [47-49]. The incomplete dissolution observed at pH 6.8-7.4 is therefore more
compatible with local or targeted administration than with oral systemic delivery [50-53].
In this context, metal complexation clearly modulates the release rate—attenuating the
rapid initial dissolution of free TBZ in acid—but at the cost of introducing a solubility
constraint that would need to be addressed for broader therapeutic use. These findings
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are in line with general pharmaceutical experience that reducing drug solubility tends to
prolong release, but attention should be given to the fact that when solubility becomes
excessively low the formulation may release the drug too slowly to achieve adequate
bioavailability [54-56]. Notably, complexation of benzimidazoles with metals has been
explored in other contexts, often to alter biological activity or targeting without consid-
ering the solubility [57,58]. Formulation strategies to address this could include using
the complex in a capsule with acidic excipients (to promote its dissolution in vivo) or
co-administering with solubilizing agents [50,59,60].

Inclusion of MCT-$3-CD in the formulation had a beneficial impact on TBZ dissolution,
consistent with the extensive literature on CD-azole interactions [61-63]. CD are well-
known to increase the aqueous solubility and dissolution rate of poorly water-soluble
drugs by forming inclusion complexes [28,64]. In the present study, mixing MCT-3-CD
with the MnTBZ complex improved TBZ solubility at all pH levels tested (though to
varying degrees). The probable mechanism is that MCT-3-CD molecules can host the
lipophilic TBZ inside their hydrophobic cavity, thereby keeping in solution a surplus of
TBZ molecules which would otherwise precipitate. At pH 1.2, as discussed, the effect
of MCT--CD was minimal because MnTBZ was already soluble as the protonated form.
However, at pH 4.5 the MCT-f3-CD mixture achieved a slightly higher dissolved fraction
than MnTBZ alone, and at pH 6.8-7.4 MCT-3-CD almost doubled the amount of dissolved
TBZ (from ~5% to ~10% at neutral pH in 5 h, as noted above). While this is still lower than
free TBZ, it demonstrates the principle that MCT-3-CD can prevent TBZ from crystallizing
out. Every TBZ molecule that dissociates can be immediately encapsulated by CD, which
would maintain the concentration gradient for further dissolution [65,66].

Our findings align with prior studies on TBZ and related benzimidazoles. For example,
Gao et al. (2020) reported that forming an inclusion complex of TBZ with hydroxypropyl-
B-CD increased the fungicidal efficacy of TBZ by improving its water solubility [67]. In
their work, an electrospun TBZ/hydroxypropyl-3-CD nanofiber showed fast disintegration
and enhanced antifungal activity compared to TBZ alone, thanks to rapid drug release.
Likewise, for the antiparasitic albendazole (another BCS Class II benzimidazole), methyl-{3-
cyclodextrin complexation raised solubility by an astounding ~150,000-fold and enabled
>90% of the drug to dissolve in 10 min [31]. These examples underscore how effective
cyclodextrin inclusion can be in overcoming dissolution limitations. Our approach demon-
strated improved dissolution, reinforcing the relevance of CD as solubilizing excipients
for TBZ. In a future study a comparison could indicate if a pre-formed TBZ-CD inclusion
complex or a ternary complex with Mn?* would further boost dissolution.

It is worth noting that pH can influence CD efficacy. TBZ has maximal solubility
around pH 2.5, and its neutral form predominates at pH > 5 [40,42]. While CD can include
neutral TBZ, the stability of the complex and the overall solubilization may differ across
pH [65,68]. In practice, however, the inclusion strategy appears broadly beneficial whenever
TBZ is in a poorly soluble state (e.g., in the intestine). Thus, combining TBZ (or MnTBZ
complexes) with CD emerges as a promising strategy to ensure adequate release in the
target absorption window [69].

Although TBZ was originally introduced as a broad-spectrum anthelmintic, its an-
tiparasitic mechanism of action shares distinct structural and functional parallels with that
underlying its antiangiogenic effects. In both cases, the primary molecular target is the
microtubule network, a fundamental component of the cellular cytoskeleton [17,70]. In par-
asitic organisms, TBZ binds to 3-tubulin and inhibits microtubule polymerization, disrupt-
ing glucose transport and mitotic progression, ultimately leading to parasite death [71,72].
Similarly, in human endothelial cells, TBZ interferes with microtubule organization, causing
cytoskeletal destabilization that compromises cell migration, alignment, and capillary-like
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structure formation [20]. This perturbation of microtubule dynamics also affects VEGEF-
dependent signaling cascades—particularly the Rho/ROCK and FAK pathways—resulting
in marked inhibition of angiogenesis [17].

In the present study, after 24 h, the control HUVEC samples achieved complete
wound closure, reflecting preserved migratory capacity. In contrast, all TBZ-based treat-
ments markedly impaired endothelial movement. Cells exposed to free TBZ showed the
strongest inhibition, leaving a residual wound width of 600 £ 30 um, corresponding to
31.8 & 5.6% closure. The MnTBZ-CD formulation showed a slightly weaker effect, with a
remaining gap of 570 &+ 30 um and a wound closure of 35.23 £ 5.7%. MnTBZ exhibited
the mildest inhibition among the three treatments, with a residual width of 500 + 30 um
and 43.1 £ 5.9% closure. These results demonstrate that all three formulations significantly
reduced endothelial migration relative to the control, with free TBZ exerting the strongest
anti-migratory effect. The lower activity of the manganese complex may be related to its lim-
ited solubility or bioavailability in the culture medium, whereas cyclodextrin complexation
appears to partially enhance dispersion and improve its inhibitory profile.

Similar trends have been reported for other benzimidazole derivatives, where metal
complexation modulated pharmacodynamic activity primarily through changes in solubil-
ity and molecular accessibility rather than intrinsic loss of function [58,73]. In particular,
it was demonstrated that albendazole inhibits endothelial cell proliferation, migration,
and tube formation in HUVECSs through microtubule destabilization and downregulation
of VEGF signaling [74]. Furthermore, studies on metal-benzimidazole complexes have
shown that coordination to transition metals such as Cu(II), Ni(II), or Mn(II) often alters
the physicochemical profile—particularly aqueous solubility and permeability—thereby
modulating biological efficacy in both antimicrobial and cytotoxic assays [57].

Taken together, our data reinforce the view that TBZ is a repurposable agent that com-
bines well-established anthelmintic and antifungal activity with preclinically demonstrated
antiangiogenic effects [17]. From an infectious-disease perspective, this dual profile is con-
ceptually attractive, as angiogenesis and vascular remodeling are increasingly recognized
as important components of the tissue response to chronic infection. In mycobacterial dis-
ease, for example, granulomas become vascularized through VEGF-dependent pathways,
and abnormal granuloma vasculature has been implicated in supporting bacterial growth
and limiting efficient drug delivery [75,76]. Leishmania infections and invasive fungal
diseases likewise induce marked vascular and lymphatic remodeling in affected tissues,
which shapes local inflammation and pathogen—host interactions [77,78]. Although TBZ'’s
antiangiogenic activity has so far been investigated mainly in cancer and developmental
models, it is tempting to speculate that benzimidazole-based vascular disrupting agents
could, in principle, be explored as host-directed adjuvants in selected infectious settings,
where modulating pathological neovascularization might complement direct antimicro-
bial therapy. Future work would benefit from incorporating in vivo infection models to
determine whether modulating angiogenesis with TBZ or its derivatives influences tis-
sue vascularity, immune microenvironments, or pathogen control, thereby clarifying the
potential relevance of these mechanisms beyond the in vitro setting.

The pharmacological and formulation-related findings obtained in this study have
broader implications for the potential repositioning of TBZ as a multifunctional ther-
apeutic scaffold. The observed reduction in endothelial migration induced by free
TBZ underscores its direct antiangiogenic capacity, yet the altered behavior of its man-
ganese complex highlights the delicate balance between molecular modification and
pharmacological performance.

The marked insolubility of MnTBZ across physiological pH values, while limiting
in vitro activity, may under certain circumstances provide a controlled or site-dependent
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release pattern. Such a property could be advantageous in localized therapeutic contexts—
such as gastrointestinal antiparasitic therapy—where sustained luminal exposure rather
than systemic absorption is desired. Conversely, for systemic antiangiogenic or antifun-
gal applications, the slow and incomplete dissociation of the complex may limit overall
bioavailability, suggesting that further formulation refinement could help balance complex
stability with efficient drug release.

The inclusion of MCT-3-CD in the formulation represents one such optimization
strategy. By improving aqueous dispersion and maintaining TBZ in a soluble form upon
dissociation from the complex, CD not only enhances dissolution kinetics but may also
reduce interindividual variability in absorption. This approach aligns with extensive
pharmaceutical evidence showing that supramolecular inclusion can transform poorly
soluble benzimidazoles into bioavailable and therapeutically effective entities. Further
refinement, such as pre-forming ternary complexes involving TBZ, Mn?*, and CD, or
embedding these systems within nanoparticulate or polymeric matrices, could enable
tunable release profiles suitable for either systemic or localized therapeutic goals.

As this work represents an initial, proof-of-concept evaluation, several aspects remain
to be explored in future studies. Our findings are based on in vitro dissolution testing and
a single endothelial migration model, which, while appropriate for preliminary assessment,
cannot fully capture the complexity of in vivo angiogenic or infectious environments.
In addition, although the MnTBZ complex and the cyclodextrin mixture were prepared
following previously validated procedures, more detailed physicochemical characterization
and exploration of alternative formulation strategies may further clarify their performance.

5. Conclusions

The present study highlights the versatile nature of TBZ as both an antiparasitic and
antiangiogenic compound, with biological performance that can be modulated through
metal-ligand chemistry and formulation design. The comparison between free TBZ, its
manganese complex, and the CD-containing formulation demonstrates how even small-
scale molecular and supramolecular adjustments can markedly influence solubility, release
kinetics, and ultimately biological efficacy. These observations not only extend the phar-
macological relevance of TBZ beyond its classical use but also exemplify the broader
concept of repurposing established antiparasitic chemical frameworks as host-targeted
modulators of angiogenesis and infection. Further studies integrating in vitro and in vivo
approaches will be essential to define the translational potential of these systems and to
harness their dual activity for therapeutic innovation in both infectious and angiogenesis-
dependent diseases.
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Abbreviations

The following abbreviations are used in this manuscript:

TBZ Thiabendazole
MnTBZ Manganese-thiabendazole complex
CD Cyclodextrin
MCT-3-CD  Monochlorotriazynyl-f-cyclodextrin
DMSO Dimethyl sulfoxide
USP United States Pharmacopeia
UV-VIS Ultraviolet—visible spectroscopy
SD Standard deviation
HUVECs Human umbilical vein endothelial cells
EGM-2 Endothelial Growth Medium-2
EBM-2 Endothelial Basal Medium-2
PBS Phosphate-buffered saline
VEGF Vascular endothelial growth factor
FAK Focal adhesion kinase
ROCK Rho-associated protein kinase
MRI Magnetic resonance imaging
MOF Metal-organic framework
DFT Density functional theory
M Medium (control condition in figures)
n Number of replicates
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