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ARTICLE INFO ABSTRACT

Keywords: Ulcerative colitis (UC) is a chronic inflammatory disease that significantly impacts mortality and morbidity
Mesoporous silica worldwide. Unfortunately, there is no current curative treatment for this condition. Consequently, it is important
Curcumin

to explore alternative treatment approaches. Polyphenols like resveratrol (RSV) and curcumin (CUR) could be
good treatment candidates, due their pharmacological properties, such as strong antioxidant and anti-
inflammatory activities. Despite their benefits, these compounds suffer from low solubility and intestinal
permeability, resulting in their limited use in current therapies. In order to overcome the physico-chemical issues
surrounding RSV and CUR, this work aims to encapsulate them in mesoporous silica particles (MS) as a strategy
to improve their performances in the colitis treatment, using a mouse induced colitis model. The particles were
in-house synthesised using tetraethyl orthosilicate (TEOS). RSV and CUR were successfully encapsulated sepa-
rately into MS particles (drug loading 19 %). Mice were induced to UC using 3 % dextran sodium sulphate (DSS)
added to the animals’ water. The animals were treated for 7 days with sulfasalazine (100 mg/kg), free poly-
phenols (40 mg/kg), MS-CUR and MS-RSV (200 mg/kg) and blank particles (200 mg/kg). At the end of the
treatments the colons were measured and their homogenates submitted to cytokines evaluation and histological
analysis. Encapsulation in MS showed partial amorphization of polyphenols, which contributed to an increase in
their solubility. The encapsulated polyphenols maintained the colon length/weight ratio in the animals, unlike
free polyphenols (p < 0.05). In the same way, they were able to reduce the interleukins IL-1p and IL-6 (p < 0.05).
These findings indicate that MS particles loaded with RSV and CUR are suitable for treating UC by reducing local
inflammation.

Resveratrol and ulcerative colitis

1. Introduction to moderate-to-severe symptoms like haematochezia, diarrhoea and

abdominal pain [2]. Most cases of UC originate in the rectum and can

Ulcerative colitis (UC) is a complex and persistent Inflammatory
Bowel Disease that occurs mainly due to a disorder of the epithelial
barrier and immune responses, affecting 5 million people around the
world [1]. Categorised as a chronic colonic condition, it mostly affects
the descending colon, causing local irritation and inflammation, leading

progress throughout the colon. However, in some cases of proctitis, and
left-sided colitis, there may be also an inflamed region near the entrance
to the colon known as the caecum [3].

UC is a multifactorial disease without a fully understood origin, in
which several extrinsic and intrinsic factors interact, including genetic
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predisposition, environmental influences, altered composition of the gut
microbiota and the reactivity of the intestinal immune system [4]. The
chronic character of UC lies in a miscontrolled immune system reaction
creating an inflammatory environment that reduces the mucin layer
above the epithelial tissue, facilitates chemotaxis by increasing tight
junctions, and contributes to a pathological adaptive immune response
in the colon region mediated by neutrophils, macrophages and
pro-inflammatory cytokines, such as IL-1p, IL-6 and TNF-a [5]. Although
it can occur at any age, UC is most commonly diagnosed in individuals
over the age of 55. Several studies have reported a rising incidence of the
disease in many occidental countries, but also in developing countries in
South America, Asia, Africa, and the Middle East. Current treatment
protocols are largely palliative in nature [6].

Current standard treatments primarily aim to achieve symptom
remission and involve the use of biological drugs, corticosteroids, and,
most notably, aminosalicylates (5-ASA) such as mesalazine and sulfa-
salazine, which are considered the preferred first-line therapies [7]. Oral
corticosteroids should be administered to patients that do not respond
appropriately to 5-ASA, or to those with more severe symptoms and
disease persistence, since they have demonstrated a superior effect in
inducing remission of active UC. However, there is an issue related with
corticosteroids after prolonged and continuous exposure to high doses,
with adverse effects including weight loss, colon-rectal bleeding, acne,
drowsiness, mood disorders, glucose intolerance and dyspepsia, causing
more harm than benefit in about 50 % of cases [8].

Natural products, such as polyphenols, are bioactive substances
widely recognised for their healthcare benefits, encompassing a broad
range of compounds with multiple therapeutic properties [9]. Curcumin
(CUR) and resveratrol (RSV), two representative polyphenolic com-
pounds, are extracted from turmeric (Curcuma longa L.), and grapevines,
berries, and pomegranate species, respectively. These polyphenols
exhibit numerous biologically significant effects, including
anti-inflammatory, neuroprotective, antioxidant, anticancer,
anti-ageing, and cardiovascular protective properties [10-14]. Many
reports recommend their use in the treatment of UC due to the ability of
their metabolites to interact with local inflammation, reduce the pro-
duction of interleukins, and promote proliferation of beneficial micro-
organisms, thereby helping to regulate the gut microbiota [15-18].

Despite their potential, both CUR and RSV have significant limita-
tions due to their physicochemical characteristics, such as poor water
solubility, instability at physiological pH, and extensive biotransfor-
mation via phase I and II reactions in enterocytes, liver, and intestinal
microbiota, which greatly diminish their oral bioavailability [19,20].
For this reason, the development of advanced biomedical formulations
to improve the physicochemical properties of these bioactive com-
pounds has recently attracted the attention of many research groups.
Concurrently, nanotechnology has increasingly been adopted to address
these challenges. In this context, nanostructured Mesoporous Silica (MS)
particles have gained particular prominence in the pharmaceutical field
based on their ability to enhance the solubility, permeability, and
physiological distribution of active ingredients [21-23].

MS particles, defined as inorganic materials composed of silicon di-
oxide, have been revealed as highly promising carriers for drug delivery,
mainly thanks to the particular advantageous characteristics of silica. It
is low in cost, has great superficial area and pore volume, and is bio-
logically accepted and safe for use in the human body. This allows high
levels of drug loading and targeting of drugs by functionalisation, with
good biocompatibility [24-27]. Regardless of the particle size (micro or
nano scale), the MS particles have a pore size ranging from 2 to 50 nm.
This provides several advantages, for instance, enhanced drug solubility,
thermal protection against degradation, and controlled drug release [28,
29]. The application of distinct characterization techniques has shown
that MS particles can improve the properties of active compounds by
enhancing the wettability of poorly water-soluble drugs, stabilising
them against hydrolysis, and improving the oral administration of hy-
drophobic active ingredients [30-33] such as RSV and CUR.
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Therefore, this study aims to overcome the limitations of the poly-
phenols CUR and RSV through their incorporation into MS particles,
followed by a comprehensive characterization of the particle systems.
Subsequently, dextran sodium sulphate (DSS) was used to induce UC in
mice and the in vivo effects of these novel treatments were determined by
means of key evaluations: disease activity index (DAI) assessment, colon
length and colon length-to-weight ratio measurements, cytokine levels,
and histological analyses.

2. Materials and methods
2.1. Materials

Curcumin (CUR), 98 % tetraethyl orthosilicate (TEOS), hexadecyl-
trimethylammonium bromide (CTAB), acetone, polysorbate 80 (Tween
80), ethanol and trifluoroacetic acid were purchased from Sigma-
Aldrich (Sao Paulo, Brazil). Resveratrol (RSV) was purchased from
Purifarma (Sao Paulo, Brazil). Ammonia in solution (28 %) was pur-
chased from Quimex (Uberaba, Brazil). HPLC grade acetonitrile and
methanol were purchased from Merck (Darmstadt, Germany). Dextran
Sodium Sulphate (DSS) and 3-aminophtalhydrazinde monosodium salt
(luminol), were purchased from Sigma-Aldrich (St. Louis, USA). TNF-a,
IL-4, IL-1p and IL-6 ELISA kits were acquired from Thermo Fisher Sci-
entific (Waltham, USA). All other chemicals and solvents were of
analytical grade and were used as received.

2.2. Synthesis of nanostructured MS particles

The synthesis of MS particles was performed by the method
described by Griin et al. [34]. First, 1.6 g of CTAB was solubilised in a
basic solution composed of 74 mL of ultrapure water and 6 mL of
ammonia (28 % m/m) with controlled temperature (50 °C) and agita-
tion. After 30 min, 7.6 mL of TEOS was added dropwise, and the reaction
mixture remained under stirring and heating (50 °C) for 24 h. Subse-
quently, the reaction was transferred to a stainless-steel autoclave with a
Teflon inner cup and subjected to a hydrothermal process in an oven at
100 °C for 24 h. Then, the MS particles were washed with ultrapure
water, dried and calcined in a muffle furnace at 550 °C for 6 h to remove
CTAB. The MS particles were stored in a desiccator to control humidity.

2.3. RSV and CUR loading

RSV and CUR were incorporated into MS using the incipient wetness
method as follows [35]. A mixed solution of ethanol and acetone (50:50
ratio) was prepared, containing 40 mg/mL of each polyphenol sepa-
rately. Then, 600 pL of this solution was added to 100 mg of previously
dried MS, resulting in a polyphenol loading of 19.35 % (w/w). After-
wards, the materials were dried at 50 °C for 24 h and, finally, stored in a
desiccator to control humidity. These particles were named MS-CUR and
MS-RSV.

2.4. Extraction and HPLC method development

The extraction of polyphenols from MS-CUR and MS-RSV was per-
formed using a solution of acetonitrile and acidified water pH 3 (60:40
v/v). Briefly, the samples were kept under stirring for 1 h at 600 RPM at
room temperature and subsequently subjected to ultrasonication for 1 h.
The content of polyphenol loaded in the particles was evaluated by High
Performance Liquid Chromatography (HPLC) (Shimadzu System,
Japan), according to a previously reported method [36]. For the
analytical determination of CUR and RSV a RP-C18 column (250 x 4.6
mm; 5 pm; Phenomenex Gemini, Torrance, CA, USA) was used as the
stationary phase. The mobile phase for RSV consisted in a mixture of
methanol and acidified water pH 3 (60:40 v/v), delivered at a flow rate
of 0.8 mL min~! and detected at a wavelength of 306 nm. The mobile
phase for CUR consisted in a mixture of acetonitrile and acidified water
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pH 3 (60:40 v/v), delivered at a flow rate of 1.0 mL min ! and detected
at a wavelength of 427 nm. Both methods met the precision, specificity,
accuracy and linearity in the range of 0.5-25 pg mL™L.

2.5. N3 adsorption and desorption

The textural characterization of MS before and after the incorpora-
tion of RSV and CUR was carried out through nitrogen adsorption
analysis, using the Tristar II Kr 3020 equipment (Micromeritics, Georgia,
USA). Before analysis, the samples were subjected to a degassing process
at 60 °C for 12 h. The specific surface area was determined using the BET
multipoint technique (Brunauer, Emmett and Teller), whereas the pore
size distribution was obtained using the BJH method (Barret, Joyner and
Halenda).

2.6. Thermal analysis

The MS, MS-CUR/RSV and non-encapsulated polyphenol samples
were characterised in terms of thermal behaviour by differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA). DSC
analyses were performed using the DSC-60 equipment (Shimadzu,
Kyoto, Japan), where a 5 mg sample contained in an aluminium pan was
subjected to a heating rate of 10 °C min~!, using nitrogen as purge gas
(50 mL min~!). Data were analysed using Lab Solution TA 60 software
(Shimadzu, Kyoto, Japan). TGA analyses were performed using a TGA-
50 thermoanalyser (Shimadzu, Kyoto, Japan), heating the samples in a
platinum container up to 900 °C at a rate of 10 °C min ™}, under N5, flow

of 50 mL min .

2.7. XRPD analysis

MS, MS-CUR/RSV and non-encapsulated polyphenols also had their
X-ray diffraction profiles (XRPD) analysed by a Rigaku diffractometer
(Tokyo, Japan), using Cu Ka (A = 0.154056 nm) as a radiation source, a
voltage of 40 kV, a current of 17 mA and a step of 0.05 in the range of
5-80 (20) and 1-10 (26).

2.8. FTIR analysis

For the Fourier-transform infrared spectroscopy (FTIR), 1 mg of
samples of MS, MS-CUR, MS-RSV, and non-encapsulated polyphenols
were mixed with 99 mg of potassium bromide (KBr). The samples were
crushed in an agate mortar and pestle and finally pressed to obtain
pellets (@ = 1 cm). The spectra of the pellets were acquired using a
Fourier transform IR Prestige21 infrared spectrophotometer (Shi-
madzu). The samples were evaluated in the spectral range of 500-4000

cm
2.9. TEM and SEM analysis

For transmission electron microscopy (TEM) analyses, the MS sam-
ples before and after polyphenol loading, were previously dispersed in
isopropanol and a drop of the dispersion was added onto a carbon coated
copper grid. The sample was analysed using a JEOL JEM-1011 micro-
scope, operating at 100 kV.

The morphological characterization of MS was also performed by
scanning electron microscopy (SEM) with EVO MA10 microscope (Zeiss)
at the Center of Microscopy and Microanalysis (UFRGS, Porto Alegre,
Brazil). The samples were prepared by dispersing the powder on a car-
bon conductive tape adhered to the aluminium support, which was then
covered with a thin film of gold.

2.10. Laser diffraction analysis

The mean particle size and size distribution (Span) were determined
by laser diffraction (Mastersizer®, Malvern Instruments, Malvern, UK)
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taking into account the particle number (%). The median diameter of
each sample (n = 3) was calculated based on the volume-weighted mean
diameter (D[4,3]). Each sample was added directly to the dispersion unit
(Hydro 2000SM-AWM2002, Malvern, UK) containing 150 mL of
distilled water. Measurements were started after reaching an obscura-
tion between 2.8 % and 3.0 %.

2.11. In vitro release profile

The in vitro release profile was evaluated using the previously
established dialysis bag method (n = 3) in order to evaluate the effect of
the RSV or CUR loading in MS on their release rate under sink conditions
[36]. Therefore, the release/diffusion/dissolution rate was evaluated for
the polyphenols loaded in MS, the polyphenols in solution and their
crystalline form in suspension. Briefly, 10 mg of MS-CUR and MS-RSV
(corresponding to about 2 mg of each polyphenol) were added to the
dialysis bag following by adding of 1 mL of a solution composed of
ethanol:water (50:50 v/v). The bags were placed in 250 mL beakers
containing 150 mL of the release medium composed of 20 % ethanol, 78
% water and 2 % Tween® 80, to assure the sink conditions during all the
experiment. The beakers remained in a water bath at 37 °C under con-
stant stirring for 72 h. Aliquots of 1 mL were collected at predetermined
times, replaced by 1 mL of fresh medium and quantified by HPLC, using
the method described in section 2.4. Polyphenol solutions were pre-
pared previously by solubilizing 2 mg of pristine CUR or RSV in a 1 ml
solution composed of ethanol-water (50:50 v/v) with the aid of ultra-
sound bath, followed by its adding to the dialysis bag. Finally, for the
evaluation of the dissolution rate of the polyphenols crystal forms, 2 mg
of RSV or CUR were added to the bag followed by adding 1 ml of a so-
lution composed of ethanol-water (50:50 v/v). The release experiments
were carried out for 72 h for all the samples (n = 3), according to the
method detailed above.

2.12. Animals

The protocol was approved by the Institutional Ethics Committee of
University of Valencia in accordance with current Spanish legislation;
and by the regional government in accordance with the guidelines
established by the European Union on Animal Care, under protocol code
n° 2024-VSC-PEA-0036. For the procedure, Swiss CD1 female mice (4-6
weeks; 25-35 g weight) acquired from Envigo Rms Spain SI (Barcelona,
Spain) were used. Animals were stabled in SCSIE facilities (University of
Valencia) in separate cages with environmental enrichment (four ani-
mals per box). Cages were regularly cleaned and the animals had free
access to water and food. The environment had controlled humidity and
temperature, as well light and dark cycles every 12 h throughout the
livestock stabling and experimental periods. All procedures were con-
ducted in accordance with the ARRIVE guidelines and complied with the
U.K. Animals (Scientific Procedures) Act of 1986 and its associated
guidelines, the EU Directive 2010/63/EU for animal experiments, and
the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publication No. 8023, revised 1978).

2.13. In vivo DSS induced ulcerative colitis

Animals were randomly assigned to eight experimental groups with
five animals per group (n = 6) as described in Table 1, according to the
protocol shown in Fig. 1. All groups, except for healthy animals,
received DSS diluted into the drinking water (3 % w/v) for 7 days.
Animals were euthanised on day 8 by cardiac blood puncture under an
optimal anaesthesia protocol with isoflurane. Finally, the entire colon
(from the caecum to anus) was resected and divided into portions cor-
responding to colon anatomy and separated for histological analysis and
cytokine level determination.
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Table 1

Animal experimental groups and treatments.
Group Nomenclature Treatment Doses
1. DSS Non-treated 3% w/v, V.0
2. Healthy Saline (negative control) 0,9 % v/kg, v. o
3. SULFA Sulfazalazine (positive control) 100 mg/kg, v. o
4. MS-CUR Encapsulated curcumin 200 mg/kg, v. o
5. MS-RSV Encapsulated resveratrol 200 mg/kg, v. o
6. MCM-41 Blank MS particles 200 mg/kg, v. o
7. CUR Pristine curcumin 40 mg/kg, v. o
8. RSV Pristine resveratrol 40 mg/kg, v. o

DSS = dextran sodium sulphate; SULFA = sulfasalazine; CUR = curcumin; RSV
= resveratrol; MS = mesoporous silica; MCM-41 = blank mesoporous silica.

2.14. In vivo efficacy and assessment of colitis

Animal body weight, stool consistency, occurrence of diarrhoea,
rectal bleeding and DSS solution volume intake were recorded daily
throughout the entire experiment. The Disease Activity Index (DAI) was
determined according to Mladenovska et al. assessing weight loss, stool
consistency and rectal bleeding [37]. The average calculated from each
individual score observation formed the final clinical score ranging from
0 (healthy) to 4 (maximal activity of colitis), as described in Table 2.

Resected colon tissue samples were rinsed with cooled phosphate
buffer to remove luminal content. Tissue wet weight and colon length
were determined and expressed as a colon weight/length ratio. Then,
samples were frozen immediately in liquid nitrogen and stored at —80 °C
until further use.

2.15. Inflammatory cytokines detection

The entire colon of each animal (n = 3) was thawed and pulverised in
an antiprotease cocktail buffer (10 mM HEPES, 1 mM EDTA, 1 mM
EGTA, 10 mM KCl) [38]. Then, the homogenates were centrifuged at
15000 RPM for 15 min, and the supernatant was collected and stored at
—80 °C. For enzyme linked immunosorbent assays (ELISA), commercial
kits were used to quantify IL-1f, IL-6, TNF-a and IL-4 as inflammatory
mediators. Quantification was performed according to the instructions
provided by the ELISA kit manufacturer (Thermo Fisher Scientific,
Waltham, USA).

2.16. Histological study

Colon samples used for histopathology (n = 3) were opened longi-
tudinally along the main axis, rolled up in a spiral starting from distal to

Water (3% DSS)
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proximal margin and fixed in 4 % formaldehyde. Then, samples were
sectioned after being paraffin-embedded and, finally, stained with
haematoxylin and eosin. The slides were analysed according to disrup-
tions in the epithelial layer and harm to the mucosa with white cell
extravasation (leukocyte infiltration).

2.17. Statistical analysis

Statistical analysis was carried out using Student’s t-test in the case
of simple comparisons. For multiple comparisons, one-way ANOVA, or
one-way ANOVA with repeated measures, followed by post hoc Tukey’s
test at a 5 % statistical significance level was used (GraphPad Prism
software, version 5.00.288 GraphPad Software, Inc., USA).

3. Results and discussion

MS particles have different structures, size and pore arrangements,
depending on their synthesis. They usually allow the incorporation of a
significant amount of drug, due to their large surface area and pore
volume, improving their interaction with aqueous solvents, and opti-
mizing the solubility of poorly water-soluble substances. Herein, the
results of the synthesis, characterization and loading of RSV and CUR
will be detailed, focused on the ability of the nanometric pore size to
reduce molecular crystallization. Furthermore, in vitro release studies
under sink conditions and the application of the particles in an in vivo UC
model are presented and discussed.

3.1. MS particles characterization and polyphenols encapsulation

After synthesis of the MS particles and incorporation of the poly-
phenols CUR or RSV, the samples were characterised in order to verify
the porous structure and the incorporation of the polyphenols into their
pores. The Ny adsorption and desorption isotherms (Fig. 2) present a

Table 2
Assessment of disease activity index (DAI) according to Mladenovska et al. [37].
Score  Weight Stool consistency Rectal bleeding
loss
0 None Well formed No blood
1 1-5% -- --
2 5-10 % Pasty and semi-formed stools that did not ~ Positive
stick findings
to the anus
3 10-20 % -- --
4 >20 % Liquid stools that stick to the anus Gross bleeding

Symptoms

___, Rectal bleeding
—~* Diarrhea

\ W Weight loss
Day 1 Day 7 Day 8
l::::::::::Z::Z::IZ:::IZZ:Z‘ k:ZI:ZZZIZ:Z:IZZZ:IZ:ZZ:1:::11:Z:ZZ::IIIIZZCZZI:IZZZZZI{
Treatments Disease Index Activity (DAI) End of Sacrifice
- Stool consistency treatments » Colon extraction

«  Weight loss
» Rectal bleeding

+ Colon measure
Histological Analisys

Cytokine evaluation

Fig. 1. Experimental design of ulcerative colitis. Illustration created with Biorender.com under an active license.
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type IV profile, characteristic of mesoporous materials with pores
smaller than 4 nm [39]. The MS particles had a surface area of 875 m?
¢! and a pore volume of 0.782 cm® g}, in accordance with the values
assigned for MCM-41 type particles [40]. After the incorporation of RSV
and CUR, it is possible to observe a decrease in the amount of nitrogen
adsorbed (Fig. 2-A and 2-C), as well as a decrease in the surface area of
MS-RSV (634 m? g’l) and MS-CUR (635 m?> g’l), assigned to the
encapsulation of polyphenols. The pore diameter distribution curve
(Fig. 2-B and 2-D) obtained by the BJH method, indicates a unimodal
distribution, with pores between 2.5 and 3 nm in diameter [41,42]. A
decrease in pore volume (0.584 and 0.552 cm® g’1 for MS-RSV and
MS-CUR, respectively) and pore diameter is observed after the incor-
poration of polyphenols, indicating their presence in MS pores.

The morphology of the MCM-41 (blank MS) structure was investi-
gated in the samples by X-ray diffraction in the range of 1-10° (26) and
the obtained diffractograms are presented in Fig. 3. The three reflections
found in the diffractogram relative to the planes 100, 110 and 200
characterise the hexagonal arrangement of cylindrical pores, which
remained unchanged during the polyphenol incorporation process [43,
44]. Such cylindrical pores packed in a hexagonal arrangement can be
clearly observed in the micrograph obtained by TEM for MS (Fig. 3-B). It
is possible to observe a cluster of overlapping particles with pores
measuring 2-3 nm, distributed in an orderly manner in parallel channels
in a hexagonal arrangement, which corroborates the synthesis process
carried out and also the pore diameter and the X-ray diffraction data [45,
46]. The high homogeneity of the channels is attributed to the use of an
autoclave in the synthesis [47]. Additional TEM analysis determined
that the morphology of the developed carrier is not affected by the
loading with the drugs (Fig. S1). Moreover, SEM images allowed for the
estimation of particle sizes within the submicrometer range,
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approximately 200-500 nm (Fig. 4A). This observation was corrobo-
rated by laser diffraction measurements, which revealed a
volume-weighted mean diameter (d4,3) of 343 + 66 nm for the plain MS
(Fig. 4B) with a Span value < 1.5 (n = 3). Similar particle size ranges
were observed for the MS-RSV and MS-CUR formulations, with mean
diameters (d4,3) of 437 + 78 nm and 254 + 10 nm, respectively, as
shown in Fig. S2.

The polyphenol incorporation into the MS pores was carried out
using the incipient wetness method and the effective amount incorpo-
rated was determined by HPLC. The analytical determination proved to
be linear, with correlation coefficients (rz) 0f 0.9995 for RSV and 0.9999
for CUR, in the concentration range from 2.5 to 25 pg mL~!. Further-
more, the methods were validated for precision, accuracy, and speci-
ficity. The determined limits of detection for RSV and CUR were 0.29
and 0.14 pg mL™}, respectively; while the limits of quantification were
0.87 and 0.43 pg mL ™ respectively for RSV and CUR. The polyphenol
content values obtained for MS-RSV and MS-CUR indicated recoveries of
95 + 1.2 % and 90 + 2.1 %, respectively. The drug loading (DL)
determined after extraction of polyphenols from MS was 18.4 % for RSV,
and 17.4 % for CUR. These results are in accordance with the calculated
theoretical loading of 19.35 %.

DL of the polyphenols was also evaluated by thermogravimetric
analysis. The thermograms (Fig. 5-A and 5-B), showed a mass loss from
300 °C for RSV and CUR, culminating in a complete degradation around
650 °C. This degradation temperature range (300-650 °C), was also
observed in the MS-RSV and MS-CUR thermograms, indicating an
organic content of 19.6 % for MS-CUR and 17.7 % for MS-RSV, thus
corroborating the results obtained using the HPLC analysis.

MS carriers possess the ability to internalise molecules within their
nanometer-sized pores by capillary forces, a process that has been linked
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Fig. 2. Nitrogen adsorption-desorption isotherms and pore size distribution for MS (MCM-41) in comparison with MS-RSV (A and B) and MS-CUR (C and D).
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to the formation of encapsulated active ingredients in an amorphous
state due to a physical confinement effect [48]. To explore this phe-
nomenon, solid-state characterisations were conducted, and the result-
ing DSC curves are presented in Fig. 5-C and 5-D.

The DSC curve of RSV (Fig. 5-C) showed the presence of an endo-
thermic peak at 263 °C, corresponding to the melting point of the
polyphenol in the crystalline state [49]. In the MS-RSV sample, the
presence of this endothermic peak was not observed, demonstrating that
the molecules were in a non-crystalline form [50]. However, this
endothermic peak was also not shown with the PxM RSV, so a conclusion
could not be made regarding the physical state of this polyphenol. One
hypothesis is that partial or total amorphization of the PxM was induced
by the heating process during the DSC analysis (300 °C), and the poly-
phenol could melt, resulting in an interaction with silanol groups pre-
sent on the surface of the silica particles [51].

In the case of CUR (Fig. 5-D), a similar pattern is observed, where an
endothermic peak, related to the melting point of CUR in the crystalline
state (177 °C), can be identified [52]. However, it is important to note
that this endothermic peak is subtly present in the MS-CUR curves and
the respective physical mixture (PxM CUR), with reduced intensity. This
similar DSC pattern as for RSV also suggests a non-crystalline state of the
polyphenol when combined with MS [53]. The broad signals in the
curves below 100 °C were attributed to the presence of water. The
possible amorphous condition conferred by encapsulation in MS was
further evaluated by X-ray diffraction analyses.

The XRDP diffractograms of all components are shown in Fig. 6. The

MCM-41 curve displays only the amorphous silica halo at 26 ca. 23°,
which is also observed in the other samples containing MS. Nonetheless,
the diffraction profile obtained for MS-RSV (Fig. 6-A) revealed the
absence of some reflections, identified with red marks in pristine RSV
and PxM RSV. Even so, most of the reflections were located in the same
positions as those observed for the polyphenol, but at lower intensity.

The diffractograms of MS-CUR (Fig. 6-B), showed a similar behav-
iour to MS-RSV. MS-CUR also exhibited some absent reflections marked
in red, but most of the same characteristic reflections of the crystalline
profile of pristine CUR and the PxM CUR were observed, with consid-
erably less intensity. These results suggest the occurrence of a crystalline
arrangement of the polyphenols partially converted to their amorphous
form when encapsulated in MS [54]. This partial amorphization is
related to the increased solubility of poorly water-soluble drugs, since
the molecules arrangement inside of the pores can improve their in-
teractions with water [55].

FTIR analyses were conducted in order to identify potential in-
teractions between functional groups of MS and polyphenols (Fig. S3,
supplementary material), and also to evaluate the CTAB removal after
the calcination process during synthesis. MCM-41 indicates bands from
silica (SiO) at 1200 to 1000 em™?, with a maximum at 1080 cm?,
corresponding to Si-O stretching. The band at 960 cm ™" is due to Si-OH
stretching, assigned to the presence of remaining silanol groups. Si-O-Si
bonding can also be seen at 810 cm ! [56]. The presence of a broad band
in the range of 3200-3400 cm ™! is related to the O-H band of hydroxyls
from the silanol groups of silica and also from adsorbed water [57,58].
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Herein, the absence of other bands showed a complete calcination
process in the syntheses by total removal of the surfactant. MS-CUR and
MS-RSV samples showed bands at 1500 to 1610 cm ™, similar to the
ones of pristine polyphenols, which are related to the presence of
phenolic rings in their chemical structures, denoting successful incor-
poration of the active ingredients in MS, but without significant inter-
molecular interactions [59,60].

3.2. Invitro release studies

Invitro release studies are commonly used to demonstrate differences

or similarities between formulations around a main substance under
sink conditions, mainly for poorly soluble substances, like RSV and CUR.
Herein, the studies were performed using the dialysis bag method. The
dissolution/diffusion profiles of MS-RSV and MS-CUR were compared
with the free polyphenols (soluble in a mixture of ethanol and water,
50:50) and the pristine polyphenols (crystalline form) (Fig. 7).

RSV and CUR in their free forms (organic solution) underwent
complete diffusion (100 %) in 4 and 36 h, respectively, while MS-RSV
and MS-CUR reached 39 + 5.4 % and 15 + 0.2 %, in these respective
periods, demonstrating a statistically significant difference for both
formulations (p < 0.001). Furthermore, MS-RSV showed a 100 %
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polyphenol release after 24 h, and MS-CUR reached 28 + 1.3 % at the
end of 72 h, indicating a sustained release profile. The incorporation of
polyphenols into MS particles enabled a gradual and controlled release,
this feature being an interesting property for the development of phar-
maceutical formulations, as it ensures the most effective delivery of the
active ingredient [61,62], without a burst of release that could lead to
toxicity problems or decreased drug bioavailability.

Moreover, to evaluate the increase in the apparent solubility of the
polyphenols by means of their incorporation into MS particles, it was
fundamental to compare their release data from MS with those obtained
for both polyphenols in their crystalline state. As shown in Fig. 7, at the
end of 72 h, crystalline CUR reached 2 + 0.6 %, while crystalline RSV
achieved 40 + 4.6 % in 24 h, showing a statistical difference compared
with MS-CUR and MS-RSV, respectively. For non-soluble substances, a
slower and more limited release rate is expected, particularly with these
polyphenols [63,64].

The release rate of substances incorporated into mesoporous parti-
cles is influenced by several factors, including pore size, channel
arrangement [65], DL content, and molecular packing density [66]. Pore
size plays a critical role in governing molecular diffusion and solvent
ingress; larger pores generally increase diffusion rates [67]. Addition-
ally, the hydrophobicity of the incorporated molecules significantly af-
fects release behaviour; more hydrophobic active compounds tend to
exhibit slower release rates due to their reduced interaction with the
surrounding medium [68]. These differences reinforce the ability of the
MS particles to improve water solubility t due to their partial amorph-
ization as discussed before, along with the large surface area of MS
particles enhancing the dispersion of molecules, promoting by increased
wettability. Thus, the behaviour of the incorporated polyphenols offers a
promising alternative for the treatment of UC.

In the context of oral administration, the gastrointestinal tract pre-
sents several barriers, the most notable being the variation in pH levels
and the presence of digestive enzymes. Both CUR and RSV exhibit good
stability under acidic conditions up to pH 8, which extends throughout
the gastrointestinal tract. However, CUR is slightly less stable compared
to RSV [69,70]. Some studies have evaluated the release profiles of both
RSV and CUR under pH conditions that mimic those of the gastroin-
testinal tract [32,59,71]. Pujara and collaborators [72], conducted a
study using both free CUR and CUR conjugated with p-lactoglobulin,
evaluating their release profiles under gastrointestinal pH conditions
(pH 1.2, pH 5.0, and pH 7.4), in the presence and absence of digestive
enzymes. The results showed that the pH conditions had a significant
influence on the release rate of curcumin from the different formula-
tions, but free curcumin showed only 5.5 % release throughout the
experiment, with only slight influence by the pH conditions. Gao and
colleagues investigated the release profile of CUR incorporated into

mesoporous silica microspheres under various pH conditions (pH 1.2,
pH 6.8, and pH 7.4) [33]. The results demonstrated slight differences of
CUR release rate at different gastrointestinal pH values. Similarly, Yang
and collaborators [16] evaluated the release profile of CUR incorporated
into mesoporous silica nanorods at pH 5.0 and pH 7.4, demonstrating
that pH did not significantly affect the release rate of CUR from the
mesoporous silica formulations. In our study, the primary objective was
to assess the ability of mesoporous silica (MS) to control the release rates
of CUR and RSV, in comparison with their respective solutions and
crystalline forms (as suspensions). Therefore, release experiments were
conducted under sink conditions without monitoring the apparent pH of
the medium, since the release medium was an organic solvent.

Nevertheless, we are planning future studies to investigate the
release behaviour of CUR and RSV from our formulations in biomimetic
media at different pH values. These studies will provide deeper insights
into in vitro—in vivo correlations and will enable the application of
pharmacometrics analyses.

3.3. In vivo ulcerative colitis induction

UC is a chronic, persistent disease that leads to various complica-
tions, including weight loss, bleeding, increased susceptibility to intes-
tinal infections, abdominal pain, and flatulence, among others. These
symptoms significantly disrupt the daily routines of those affected, ul-
timately reducing their quality of life in a significant way. These
symptoms were evaluated and scored to determine the severity of the UC
state. Herein, during the induction of the UC by DSS intake in mice, their
symptoms were assessed over a 7-day treatment throughout the period
using the DAI scoring system. The results are shown in Fig. 8. Moreover,
weight loss is reported in Table S1 in the supplementary material
section.

The DAI evaluation revealed significant differences between the
Healthy and DSS control groups (p < 0.001). DSS intake for 7 days
caused moderate weight loss, moderate-to-severe bleeding, and liquid
stool. A significant difference was also observed between the DSS and
SULFA groups (p < 0.01), indicating remission of symptoms in the
SULFA-positive control group, even though some of the UC symptom-
atology was also observed. For formulations containing CUR, the MS-
CUR treatment group exhibited an important symptom remission
compared with the DSS group until day 6 (p < 0.001), a result not
observed with the non-encapsulated drug (CUR). However, no signifi-
cant difference between MS-CUR and CUR was found at 7 days. This
could be caused due to the increase of harmful DSS effects after long-
term administration.

Regarding formulations containing RSV, both MS-RSV and pristine
RSV showed significant differences compared with the DSS group (p <
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Fig. 8. Disease Activity Index. A) CUR treatments; B) RSV treatments. Healthy = (saline 0.9 %) negative control; DSS = disease control; SULFA = sulfasalazine (100
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resveratrol (40 mg/kg); MS-RSV = resveratrol loaded MS particles (200 mg/kg) (One-way ANOVA, with repeated measures, post hoc Tuckey’s test).

0.001) however no differences between them were found. Nevertheless,
MS-RSV was the only group to show a difference from the SULFA-
positive control (p < 0.01), suggesting better pharmacological perfor-
mance, thanks to the silica particles. The administration of blank MS
particles (MCM-41) did not show significant differences in comparison
to the DSS group (p > 0.05), indicating that the presence of active
substances was a decisive factor in the DAI assessment.

Symptom assessment is a key parameter for evaluating the quality of
life of UC patients, since symptom remission is directly associated with
an improved quality of life. The use of DSS at concentrations ranging
from 2 % to 5 % has been widely used to induce an UC-like condition,
offering a relatively simple and cost-effective in vivo model of the disease
[73]. Yao et al. [74] induced UC in BALB/c mice (18-20 g) using 5 %
DSS over 7 days, followed by treatment with two doses of RSV (30 and
60 mg/kg). Both doses showed a statistically significant difference from
DSS starting on day 5. However, RSV was solubilised in 200 pL of
ethanol before adding the vehicle, a process that may enhance drug
absorption. Clinical studies in UC patients using RSV at doses of 500
mg/day demonstrated a reduction in symptoms and improvements in
both quality of life and patient well-being [75,76]. These findings sup-
port the potential of RSV as an adjuvant treatment option forUC. The use
of MS particles also presented support for the use of solvent-free
formulations.

CUR has been extensively studied, with different nano-based phar-
maceutical technologies, such as liposomes and micelles, being
employed to enhance its solubility, absorption, and permeability [77,
78]. Wei et al. conducted a study inducing UC in BALB/c mice (22-26 g)
using 5 % DSS, followed by the administration of CUR (100 mg/kg/day)
for 7 days [79]. The DAI results indicated symptom remission in the
CUR-treated group compared with the DSS group. However, CUR was
pre-solubilised in 200 pL of a 5 % ethanol solution similarly to the Yao
et al. study. Another similar study administered CUR in different doses
(15, 30, and 60 mg/kg, intraperitoneally), leading to a significant
reduction in DAI values and symptom remission. Likewise, the vehicle
used in this study contained ethanol (2.5 %) [80]. Clinical studies have
also investigated the use of CUR in combination with mesalazine,
showing a significant reduction in DAI scores in UC patients compared
with placebo groups [81,82]. However, a study administering CUR
alone (150 mg, 3x/day) did not show any significant differences with the
non-treated condition [83]. The results observed in these studies align
with the outcomes of the current research.

UC induced inflammation often leads to a shortening of the colon.
Therefore, colon length measurement is an important indicator of UC

severity, since it is associated with improvements of the symptoms in
this method and since pharmacological treatments should aim to
partially or fully reverse it [73]. Fig. 9 summarises the colon length and
colon weight-to-length ratio measurement data.

The colon length (Fig. 9-A) in the DSS (6.3 £ 1.3 cm) control group
showed significant shortening in comparison to the Healthy group (9.3
+ 1.1 ecm) (p < 0.01), confirming the validity of the induction method.
However, the positive control SULFA (6.4 + 0.5 cm) did not reverse the
length decrease, showing also a significant difference compared with the
Healthy control (p < 0.01). This could be explained by possible adverse
effects commonly associated with prolonged treatment with sulfasala-
zine [7], or an inability to achieve full action or protection. Among the
polyphenol treatments, pristine CUR (6.7 + 1.3 cm) was the only group
that showed a colon shortening with respect to the Healthy control (p <
0.05). This result highlights the potential of MS particles to enhance the
bioavailability of CUR. Although pristine RSV (7.6 £+ 0.6 cm), MS-CUR
(8.1 £ 0.2 cm) and MS-RSV (7.8 &+ 0.4 cm) treatments did not show
significant differences compared to the DSS group, they also did not
differ from the Healthy group, suggesting the existence of a pharmaco-
logical action against the disease and similarity in their effects. The
MCM-41 particles (6.7 + 1.1 cm) showed a significant difference from
the Healthy group (p < 0.01), indicating that without polyphenol
encapsulation, the MS particles do not have pharmacological effects.

UC inflammation is commonly associated with the development of
oedema, which becomes more pronounced under pathological condi-
tions such as UC [81]. Regarding the colon weight-to-length ratio
(Fig. 9-B), higher values were observed for the DSS, SULFA (p < 0.01),
and MCM-41 (p < 0.05) groups compared with the Healthy control.
Among the formulations tested, MS-CUR was the only one to show a
statistically significant difference compared to the DSS control (p <
0.05), suggesting an anti-inflammatory effect in this treatment group. In
the same way as for the colon length observations, the other treatments,
despite showing no difference compared to the DSS group, also did not
appear to be significantly different from the Healthy group, which may
indicate a similar trend of effects on disease progression.

Several studies involving these polyphenols have focused on the
observation of the recovery of colon size using UC induction models with
DSS [84-87]. Many polyphenols act as antioxidants by neutralizing
cell-derived by-products, such as reactive oxygen species, which can
damage the mucosa and hinder recovery [88,89]. Beyond this
well-established pharmacological action, the metabolites of RSV and
CUR support gut microbiota by serving as substrates for the restoration
of normal flora. This, in turn, enhances the symbiotic relationship with
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Fig. 9. A) Colon length; B) colon weight-to-length ratio. Animal groups: Healthy = (saline 0.9 %) negative control; DSS = disease control; SULFA = sulfasalazine
(100 mg/kg) positive control; MCM-41 = blank MS particles (200 mg/kg); CUR = curcumin (40 mg/kg); MS-CUR = curcumin loaded MS particles (200 mg/kg); RSV
= resveratrol (40 mg/kg); MS-RSV = resveratrol loaded MS particles (200 mg/kg) (One-way ANOVA, post hoc Tuckey’s test; *p < 0.05; **p < 0.01).

the mucosa and promotes the proliferation of beneficial microorganisms
in the intestine [90-93]. These findings align with the results obtained in
the colon measurement experiments in this study, clearly supporting
their potential therapeutic effects.

MS particles are inert to the organism; however, their small size,
covering population distributions from 200 nm to 10 pm, may facilitate
their accumulation in intestinal villi by fenestration [94]. One clinical
trial tested MS particles with pore sizes of 7-12 nm, administered orally
to healthy individuals for 21 days and to obese individuals for 10 weeks.
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The estimated dose was 3 g of MS, taken three times a day. Blood, faeces,
urine, and potential adverse effects were monitored throughout the
study. By the end of the experiment, participants reported mild
abdominal discomfort, such as flatulence, and minor changes in intes-
tinal motility. Renal function remained stable, with no changes in
creatinine levels, and ortho-silicic acid was detected in the urine, con-
firming particle degradation. Overall, the administration of 9 g of MS
particles per day was deemed safe [27]. Tam et al. assessed the adhesion
capacity of silica particles containing a fluorescent marker in an animal
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Fig. 10. Cytokine levels evaluation for CUR formulations. A) IL-1p; B) IL-6; C) TNF-o; D) IL-4. Treatments: Healthy = (saline 0.9 %) negative control; DSS = disease
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*p < 0.001; data comparison
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model of UC using confocal microscopy [95]. Their results showed that
inflammation in the colon enhances the deposition of particles in the
affected area up to 24 h after oral administration, facilitating the sub-
sequent release of the particulate drug. In another study, Teruel et al.
investigated MS particles loaded with hydrocortisone in rats with in-
flammatory bowel disease [96]. After oral administration, the particles
effectively adhered to the site of action, with no significant drug levels
detected in the plasma. Upon dissection, visual improvements in the
inflamed tissue were observed.

Inflammatory diseases involve the active participation of the im-
mune system. In the gut, neutrophils, macrophages (differentiated
monocytes), and dendritic cells play key roles, releasing a variety of
inflammatory cytokines to mediate the inflammatory response [79].
Herein, Fig. 10 demonstrates the results for CUR formulations and the
levels of pro-inflammatory cytokines IL-1p, IL-6, TNF-a, and
anti-inflammatory IL-4, present in the colon homogenates.

The presence of the pro-inflammatory cytokines IL-1p, IL-6, and TNF-
a reflects the severity of inflammation in the colon. Therefore, a
reduction in these cytokines may indicate better inflammation control
[97]. In contrast, IL-4 has anti-inflammatory properties that help miti-
gate the harmful effects of inflammation, and its levels are expected to
be naturally higher during inflammatory conditions to counterbalance
the inflammatory response [98]. The differences observed between the
DSS and Healthy control groups once again confirmed the effectiveness
of the induced colitis model, at least for IL-1f, IL-6 and IL-4. Among the
CUR formulations, pristine CUR showed a significant difference for IL-1f
and IL-6 compared with the Healthy control (p < 0.01 and p < 0.05,
respectively), indicating that MS-CUR exhibited an inhibitory effect on
IL-1p and IL-6, which are highly pro-inflammatory cytokines [99].
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Treatments with both pristine RSV and MS-RSV showed significantly
lower cytokine levels (Fig. 11) compared with the DSS group for IL-1 (p
< 0.05 and p < 0.01, respectively) and IL-6 (p < 0.01 and p < 0.05,
respectively). While the inhibitory effect on these interleukins was ex-
pected [74,100], the use of MS particles did not show a significant dif-
ference when compared to the non-encapsulated RSV.

The presence of cytokines IL-1f, IL-6, and TNF-« is associated with
dendritic cells located in the lamina propria of the intestine, just beneath
the epithelial layer. An imbalance in these immune proteins increases
intestinal permeability by widening the spaces between tight junctions.
These inflammatory conditions also contribute to other effects, such as
cell adhesion and altered ion transport, this being directly related to
diarrhoea. Neutrophils and macrophages release inflammatory media-
tors like myeloperoxidase (MPO), but they also promote the release of
the anti-inflammatory cytokine IL-4 [18]. The reduction in TNF-a levels
for both polyphenols was expected [21,80]; however, TNF-a was the
only interleukin that did not show a significant difference in the DSS
group across these treatments.

The results involving IL-4 showed the absence of its upregulation by
any polyphenol-based treatment, with respect to the Healthy group.
Anti-inflammatory cytokines, such as IL-4 and IL-10, are considered
delayed-acting cytokines because they are typically activated following
acute inflammation [101]. As a result, their presence is more prominent
in chronic conditions, where they help regulate and reduce prolonged
inflammatory responses. Although IL-4 evaluation is very common
among inflammatory assays, few studies have investigated the presence
or absence of IL-4 in the pathological context of UC [102]. Hoving et al.
evaluated the expression of IL-4 and confirmed its presence in UC;
however, the colitis induction method in their study used oxazolone
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Fig. 11. Cytokine levels evaluation for RSV formulations. A) IL-1; B) IL-6; C) TNF-a; D) IL-4. Treatments: Healthy = (saline 0.9 %) negative control; DSS = disease
control; SULFA = sulfasalazine (100 mg/kg) positive control; MCM-41 = blank MS particles (200 mg/kg); RSV = resveratrol (40 mg/kg); MS-RSV = resveratrol
loaded MS particles (200 mg/kg) (One-way ANOVA, post hoc Tuckey’s test; data comparison with Healthy group: *p < 0.05; **p < 0.01; ***p < 0.001; data

comparison with DSS group: #p < 0.05; ##p < 0.01).
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[98]. Heller et al. evaluated IL-4 expression mediated by Th2 cells in
vitro, using colonic lamina propria muscle cells [103]. Their results
indicated the absence of IL-4 production in an environment simulating
induced inflammation.

Inflammatory conditions in the colon disrupt mucus production by
goblet cells, weakening the tissue’s natural defences and triggering a
series of inflammation-related events. Alongside dysplasia in the
epithelial tissue, immune cell migration intensifies the reactivity of the
process, potentially causing damage to the cellular matrix, increased
collagen deposition, and fibrous formations in the lamina propria where
most immune activity occurs. Ultimately, colon injuries can lead to at-
rophy of colonic crypts, which are located between the intestinal villi
and are responsible for secreting enzymes that regulate the pH of the
area [86,99]. In this study, histological sections were obtained from the
animals following the UC induction experiment, and the results are
presented in Fig. 12.

From the histopathological point of view, DSS-induced UC is mainly
characterised by, on the one side, fibrosis in mucosa and submucosa, and
on the other side, infiltration of granulocytes, lymphocytes and macro-
phages [104]. The histopathological assessment was in agreement with
previous findings [105]. After DSS intake (Fig. 12-B) severe tissue
damage was observed, specifically mucosal tissue degeneration and
leukocyte infiltration. These histopathological signs were less marked in
the polyphenol-treated animals: CUR, RSV, MS-CUR and MS-RSV,
indicating that these formulations can exert against inflammation
damage to intestinal tissue. However, it should be noted that, though
CUR and RSV (Fig. 12-E and 12-G) diminished the presence of white cell
extravasation into intestinal tissue, MS-loaded formulations (Fig. 12-D
and 12-F) showed an even lower cell infiltration, which suggests again
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that MS improves the bioavailability of the drugs and subsequently
enhances their pharmacological activity. As expected, unloaded
MCM-41 (Fig. 12-H) presented considerable inflammatory infiltration
and mucosal tissue degeneration, confirming that unloaded MS does not
have a pharmaceutical effect.

Oral administration is the simplest and most practical route for drug
administration; however, natural barriers such as pH, enzymes, and
absorption processes reduce the bioavailability of many compounds,
making it challenging for drugs to achieve their full therapeutic poten-
tial [106]. In the case of UC, the reduced mucus production and the
inflammatory environment, which increases local permeability, may
facilitate drug absorption [107]. However, the goal in UC treatment is to
target the intestinal tissue locally, rather than systemically. Silica par-
ticles, as demonstrated in previous studies [27,96], can alter intestinal
motility due to particle deposition in the tissue, potentially leading to
localised accumulation and controlled release of the drug from the silica
carrier. This hypothesis could be confirmed through a real-time bio-
imaging study.

The methodology used in this study generates some concerns that
must be highlighted, such as the amount of DSS consumed during the
induction period, which naturally decreases over time because of the
inflammatory condition [7,108], potentially introducing biases in the
experiment. For example, the hurdles to individual control of water
intake, as animals must remain in groups, can affect consistency.
Nevertheless, DSS induction remains as one of the most efficient
methods, with minimal or no animal mortality, making it a valuable
option, especially when considering ethical aspects.

In summary, this study marks the first application of CUR and RSV
loaded into MS particles in a UC induction model. The results from the

Fig. 12. Histological evaluation. A) Healthy (negative control); B) DSS (disease control); C) SULFA (100 mg/kg, positive control); D) MS-CUR (200 mg/kg); E) CUR
(40 mg/kg); F) MS-RSV (200 mg/kg); G) RSV (40 mg/kg); H) MCM-41 (200 mg/kg, blank MS particles). Red arrows indicate severe leukocyte infiltration. Scale bar:

200 pm.
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DSS colitis induction test demonstrated the enhanced activity of poly-
phenols when encapsulated into the pores of MS, with important im-
provements due to the impact of nanotechnology. Numerous studies
have employed nanotechnological systems to deliver these polyphenols,
particularly CUR, owing to its low permeability and solubility [21,87,
109-114]. In cases where pharmacotechnical approaches are not used to
modify the physicochemical properties of the drugs, other systems are
employed aiming to improve the solubility of those compounds, even
though some of them could be prejudicial for the organism, such as
ethanol [74,76].

4. Conclusion

Natural active molecules such as polyphenols have interesting anti-
inflammatory and antioxidant properties. However, their use is often
limited due to solubility problems in aqueous and physiological media,
which limits their potential translation to clinical practice for tackling
inflammation-based conditions. The present work successfully
addressed this problem in RSV and CUR as case studies by loading them
into MS particles, which allow their partial amorphization as a conse-
quence of the confinement effect. In vitro solubility and release studies
confirmed that the semi-amorphised form of these drugs increased their
solubility and extended the release time in comparison to the pure
crystalline form. This controlled drug release behaviour is especially
interesting for the purpose of achieving long-lasting therapies that
enhance the local bioavailability of active ingredients in targeted tis-
sues, thus reducing adverse side effects. As a representative inflamma-
tory intestinal condition that urgently needs new therapeutic tools, due
to its worldwide incidence and difficult management, a UC in vivo model
was used to challenge the efficacy of polyphenol-loaded MS particles.
The obtained DAI results revealed a marked symptom remission and
partial reversion of the inflammatory process developed after UC in-
duction, particularly for MS-CUR compared to non-encapsulated CUR.
Furthermore, the reduction of locally expressed pro-inflammatory cy-
tokines and cellular migration to the damaged tissues corroborated
previous findings and confirmed the mitigation of intestinal
inflammation.

This line of research introduces a promising new avenue for the
treatment of UC, paving the way for future bioavailability studies and
deepening our understanding of mesoporous silica-based drug delivery
systems. These findings contribute to narrowing the gap towards the
development of novel therapeutic strategies for UC. Overall, the findings
reported herein demonstrate the pharmacological potential of
polyphenol-loaded MS particles as a novel approach in the treatment of
inflammatory conditions, especially bowel diseases. They offer a reliable
alternative and complementary tool to conventional therapies such as
corticosteroids, which present intrinsic side effects when used in long-
term chronic cases.
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