International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Development of Ac2-26 Mesoporous
Microparticle System as a Potential Therapeutic
Agent for Inflammatory Bowel Diseases

. ) . . . 4 A |
Milena Fronza Broering '“, Pedro Leonidas Oseliero Filho® , Pimela Pacassa Borges(®’,

Luis Carlos Cides da Silva3, Marcos Camargo Knirsch®, Luana Filippi Xavier', Pablo Scharf',
Silvana Sandri', Marco Antonio Stephano®, Fernando Anselmo de Oliveira@°®, Ibrahim M Sayed?,
Lionel Fernel Gamarra 6, Soumita Dasz, Marcia CA Fantini3, Sandra HP FarskyI

IDepar‘tment of Clinical and Toxicological Analyses, School of Pharmaceutical Sciences, University of Sdo Paulo, Sao Paulo, SP, Brazil; 2Department of
Biomedical and Nutritional Sciences, University of Massachusetts, Lowell, MA, USA; 3Department of Applied Physics, Physics Institute, University of
Sao Paulo, Sio Paulo, Brazil; *Materials Innovation Factory, University of Liverpool, Liverpool, MSY, UK; >Department of Biochemical and
Pharmaceutical Technology, School of Pharmaceutical Sciences, University of Sao Paulo, Sao Paulo, SP, Brazil; S|nstituto do Cérebro, Instituto Israelita
de Ensino e Pesquisa, Sociedade Beneficente Israelita Brasileira Hospital Albert Einstein, Sio Paulo, SP, Brazil

Correspondence: Sandra HP Farsky, Email sfarsky@usp.br

Introduction: Inflammatory bowel diseases (IBDs) disrupt the intestinal epithelium, leading to severe chronic inflammation. Current
therapies cause adverse effects and are expensive, invasive, and ineffective for most patients. Annexin Al (AnxAl) is a pivotal
endogenous anti-inflammatory and tissue repair protein in IBD. Nanostructured compounds loading AnxA1l or its active N-terminal
mimetic peptides improve IBD symptomatology.

Methods: To further explore their potential as a therapeutic candidate, the AnxAl N-terminal mimetic peptide Ac2-26 was
incorporated into SBA-15 ordered mesoporous silica and covered with EL30D-55 to deliver it by oral treatment into the inflamed gut.
Results: The systems SBA-Ac2-26 developed measurements revealed self-assembled rod-shaped particles, likely on the external
surface of SBA-15, and 88% of peptide incorporation. SBA-15 carried the peptide Ac2-26 into cultured Raw 264.7 macrophages and
Caco-2 epithelial cells. Moreover, oral administration of Eudragit-SBA-15-Ac2-26 (200 pg; once a day; for 4 days) reduced colitis
clinical symptoms, inflammation, and improved epithelium recovery in mice under dextran-sodium sulfate-induced colitis.
Discussion: The absorption of SBA-15 in gut epithelial cells is typically low; however, the permeable inflamed barrier can enable
microparticles to cross, being phagocyted by macrophages. These findings suggest that Ac2-26 is successfully delivered and binds to
its receptors in both epithelial and immune cells, aligning with the clinical results.

Conclusion: Our findings demonstrate a simple and cost-effective approach to delivering Ac2-26 orally into the inflamed gut,
highlighting its potential as non-invasive IBD therapy.
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Introduction

The incidence of IBDs has increased in the last decades in developed and newly industrialized countries. IBDs are
relapsing and chronic inflammatory diseases which can affect the intestines and can be divided into two distinct types:
ulcerative colitis (UC) and Crohn’s disease (CD).! Both UC and CD patients present debilitating symptoms such as
tenesmus, bloody stool, diarrhea, and fatigue.2 Notably, malignant colorectal cancer, small bowel cancer, intestinal
lymphoma, and cholangiocarcinoma are more common in IBD patients; in addition, the high incidence of neoplasms is
related to IBD treatment, implicating the adverse effects of available drugs.®> In addition to the considerable worsening
situation that patients with IBD need to confront, approximately 50% of patients fail or experience a decrease in the

effectiveness of available drugs. Furthermore, the most recent biological treatments are expensive and require invasive
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administration. These features make IBD a remarkable public health problem worldwide."* Hence, novel biological
targets and drugs and pharmaceutical approaches for the delivery of noninvasive drug hallmarks of IBD are needed as
subjects of biological and drug development research.’

AnxAl is a 37 kDa endogenous protein and comprises the calcium and phospholipid-binding annexin superfamily.é’7
Annexins present a C-terminal and an N-terminal domain specific for each superfamily component and confer specificity
to biological activities.” AnxAl was first characterized as a glucocorticoid-regulated anti-inflammatory protein;***
currently, AnxAl is recognized as a potent anti-inflammatory and resolving molecule that is a mediator of cell
proliferation, differentiation, and immune, epithelial, and cancer cell apoptosis.'®'> AnxAl binds to intracellular
structures, membrane phospholipids, or G-transmembrane-coupled formyl peptide receptors to trigger downstream
activation of the intracellular pathway.®

Robust evidence has revealed the pivotal role of AnxAl in the control of IBDs; as such, infiltrating leukocytes and
epithelial intestinal cells express this protein during the course of the disease. The absence or low levels of the protein
worsen and maintain the uncontrolled inflammation that perpetuates the disease.'*'” Interactions between AnxAl and
FPR1 mediate IBD wound closure, and FPR2 promotes mucosal healing by regulating the trafficking and functions of
leukocytes into inflamed tissue.'® % Ac2-26 comprises 25 amino acids of the N-terminal sequence of AnxA1 that bind to
FPR1 and 2 to display equivalent biological actions to those of the full-length protein,®***

AnxAl on IBD.>>28

including those evoked by
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According to the data, the pharmacological administration of recombinant AnxAl (rAnxAl) or its synthetic
N-terminal-related peptides could play a mandatory role in IBD therapy. Indeed, this approach has been recently tested
using lipid nanoparticles loaded with rAnxA1%° or polymeric nanoparticles loaded with Ac2-26.%” These strategies are
more effective at treating colitis in mice than free AnxA1 or Ac2-26 if locally administered, which demands nonfeasible
invasive routes of administration to treat chronic patients.”*?® A nanoparticle based on an ROS-responsive material
carrying Ac2-26 was found to be effective for treating colitis via the oral route in mice because of the release of the
peptide by the action of ROS at the inflammatory site.?

To improve the desirable oral delivery of novel drugs to treat IBD, we developed and characterized a nanostructured
silica mesoporous microparticle loaded with Ac2-26 and coated it with EL30D-55 to treat IBD via the oral route. EL30D-
55 is a biodegradable, inactive and pH-sensitive polymer that prevents gastric degradation and allows drug release in
a pH range of 5.5 to 7.0. When dealing with IBD, EL30D-55 overcomes the limitations of gastric degradation and helps
to deliver the desired molecule to inflamed intestines.>%>! Indeed, the data herein confirmed the effectiveness of EL30D-
55-coated SBA-15 containing Ac2-26 as a simple and cost-effective noninvasive approach for IBD treatment.

Materials and Methods

Materials

SBA-15 was synthesized at the Physics Institute, University of Sdo Paulo, Brazil, according to a previous work.*> SBA-
15 silanized with the amino-functional trimethoxysilanes (APTES); Eudragit® (L30-D55; Evonik Industries AG -
Rellinghauser Strafle — Essen Germany); phosphotungistic acid hydrate, reagent grade (Sigma; St. Louis, USA); peptide
Ac2.26 (Proteinmax- Sdo Paulo, Brazil); ethanol were of analytical grade (Sigma; St. Louis, USA); dextran sulfate
sodium (DSS, MW 40,000, Dextran Products Limited, Ontario, Canada); anti-mouse MUC-2 (Invitrogen®, Waltham,
Massachusetts, USA); anti-mouse F4/80 (eBioscience™, San Diego, California, USA); anti-mouse Claudin-1 and
secondary antibody anti-rabbit conjugated with HRP (Abcam Plc, Cambridge, United Kingdom); anti-mouse Ly6G
(BD, Becton Dickinson, New Jersey, US); DAB Substrate Chromogen System (Dako Omnis, Agilent, Santa Clara,
California, USA); anti- proliferating cell nuclear antigen (PCNA)(Santa Cruz Biotechnology, Dallas, Texas, USA); anti-
CD163 (Bioss Antibodies Inc, Massachusetts, USA); Collagenase II and Collagenase IV from Clostridium histolyticum
and bovine serum albumin (BSA) (Gibco™, New York, USA). ELISA kits anti-mouse TNF, IL-10, CXCL-1, IL-17 and
IL-23 (BD OptEIA™ - BD, Becton Dickinson, New Jersey, US); isoflurane (Cristalia Produto Quimicos ¢ Farmacéuticos
Ltda, S@o Paulo, Brazil); paraformaldehyde, xilene, sodium citrate, peroxide and tris (hydroxymethyl) aminomethane
(Synth® - Labsynth Produtos para Laboratorios LTDA, Sio Paulo, Brazil); cytochalasin D, (3-[4,5-dimethylthiazol-2-yl]-
2,5 diphenyl tetrazolium bromide (MTT) (Millipore Sigma, Darmstadt, Germany); pluronic P123 (BASF, German);
tetracthyl orthosilicate; Fluorescein isothiocyanate (FITC); Cyanine-5.5 NHS ester (Cy5.5 — Lumiprobe Corporation,
Hunt Valley, USA); Spectra/Por® 10 mm dialysis membrane tube (500 Da) (Spectrum® Laboratories; New Brunswick,
USA); J774A.1 cells (ATCC®™; Washington DC, USA); Raw 264.7 and Caco-2 cells (BCRJ®; Xerém, Brazil).

Synthesis of SBA-15

SBA-15 was synthesized using 4 g of Pluronic P123 (PEO,(,PPO,(PEO,). It was dissolved in 122 g of 2 M HCI solution
and kept under magnetic and mechanical stirring for 1 hour. Then, 8.6 g of tetracthyl orthosilicate was added, and the
solution was stirred for 24 hours. After this process, the mixture was subjected to a 48-hour hydrothermal treatment at
100 °C in an autoclave, washed with deionized water, and dried at room temperature. The polymer template was then
removed through calcination at 540 °C under N, for 2 hours and in air for 4 hours.

Ac2-26 was synthesized by dissolving the peptide in Milli-Q water, and then a 1:1 mixture of SBA-15:Ac2-26 was
made, where 1 mg/mL of Ac2.26 was added to 1 mg of SBA-15. The mixture was dried in an oven at 35 °C until
completely dry. For coating with EL30D-55, a 1:2 ratio of SBA-15-Ac2-26 and EL30D-55 was added. The material was
dried in an oven at 35 °C for 4 hours and then stored in a freezer at —20 °C (Supplementary Figure 1).
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Characterization of SBA-15

Dynamic light scattering (DLS) measurements were performed at room temperature on a Brookhaven DM-5000 Particle
Size Analyzer (Brookhaven Instruments, NY, USA) at a wavelength of 635 nm. Data analysis was conducted using the
BIC software provided with the machine. The sample was diluted to 1 mg/mL to mitigate the influence of interparticle
interactions on the diffusion coefficient of the particles and, consequently, on the obtained data.

Small-angle X-ray scattering (SAXS) was performed on a NanoStar (Bruker, Buffalo, USA) instrument equipped
with a microfocus Genix 3D system (Xenocs, Massachusetts, USA) and a Pilatus 300k detector (Dectris, Baden,
Switzerland). The sample-to-detector distance was ~667 mm, which provided an effective range of the modulus of the
transfer moment vector, q = 4nsin(0)/A (where 20 is the scattering angle and A = 1.5418 A is the X-ray wavelength), from
0.015 to 0.30.”" For the experiments, deionized water (used in the sample preparation) and the same sample from the
DLS assays were measured at room temperature in a reusable quartz capillary 1.5 mm in diameter mounted on stainless
steel. Powder samples of SBA-15 and SBA-15 plus peptide were placed in a sample holder between two mica sheets. The
set of mica sheets was also measured for background correction purposes. Data treatment, which included azimuthal
integration, background subtraction and absolute scale normalization (for the liquid sample), was performed using
XSACT software by Xenocs.

The nitrogen adsorption isotherms (NAIs) were obtained with an ASAP2020 instrument (Micromeritics®, Atlanta,
USA) using nitrogen gas.

Transmission Electron Microscopy — TEM

The transmission electron microscopy investigation was performed using a JEOL 2100 instrument equipped with a LaB 6
filament, operating at 200 kV. The samples were dispersed in water, and a few droplets of the suspension were transferred
onto a carbon coated collodion film copper grid. For the SBA containing the peptide and the fluorophore samples (SBA-
15-Ac2-26, FITC-SBA-15), a drop of a 2% tungstic acid solution was added on the grid, and rinsed after 1 minute with
deionized water, for negative staining.

SBA-15 Uptake and Cytotoxicity
SBA-15 uptake into cells was analyzed by FITC labeling. For this purpose, SBA-15 silanized with APTES was used
according to the protocol described by Appiah-Ntiamoah et al.*® After labeling, SBA-15 was analyzed by SAXS
measurements. The mouse macrophage Line J774A.1 was cultured and seeded in 24-well plates as previously
described.>**> Cytochalasin D (20 pM) was added for 1 hour, and the solution was removed before treatment with FITC-
SBA-15 (10 pug/mL). The cellular uptake was checked 4 and 24 hours after treatment using cell imaging (CELena®™
Logos Biosystem, USA), and ten fields per condition were analyzed. The percentage of phagocytic cells was quantified
using Imagel software. In addition, the effects of different concentrations of SBA-15 on macrophage cytotoxicity were
assessed using the MTT assay.®

Murine 3D organoids and organoid-derived differentiated epithelial cells were isolated and cultured as previously
described.>’® FITC-SBA (10 pg/mL) was added to the organoids and the apical part of the differentiated epithelial cells,
and the cells were analyzed 6 days or 24 hours later, respectively.

In vitro Release of Peptide by SBA-15
The peptide Ac2-26 was dissolved in PBS (pH 7.4) to a concentration of 1.0 mg/mL. Simultaneously, 1 mg of Cy5 dye
was dissolved in 1 mL of 1 mM DMSO. The peptide and Cy5 dye were mixed at a 1:10 molar ratio, and any excess dye
was removed through dialysis using a 10 mm membrane with a 500 Da cutoff. The Cy5-labeled peptide was purified with
Sephadex G-25 and then lyophilized. Spectrophotometry at 215 nm (Shimadzu Scientific, Marlborough, USA) confirmed
the success of the labeling process. The yield of the Cy5-labeled peptide was ten vials, each containing 450 pg.

Next, the labeled peptide was incorporated into SBA-15 and used to test the release of the peptide into cells. The
uptake of SBA-15-Ac2-26-Cy.5.5 and FITC-SBA-15 was measured by flow cytometry (BD, Accuri C6, USA) in mouse
Raw 264.7 macrophages and Caco-2 human intestinal epithelial cells. The presence of the peptide Ac2-26Cy.5.5 was
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analyzed 30 minutes, 2 hours, 6 hours and 24 hours after incubation with SBA-15-Ac2-26-Cy.5.5. Caco-2 cells were used
to measure the uptake of FITC-SBA-15 after 4 and 24 hours of incubation. After the incubation, the cells were collected,
washed twice and resuspended in PBS. To quantify the percentage of positive cells, at least 10,000 events were collected.
The events were collected with the delimitation of the principal population of healthy cells, and the percentage was set in
relation to the untreated condition.

Animals

Male C57BL6 wild-type mice aged 8—10 weeks and weighing 20-25 g were obtained from the Faculty of Pharmaceutical
Sciences of the University of Sdo Paulo. Mice were maintained under pathogen-free conditions on a 12-hour light/dark
cycle at temperatures between 20 and 25 °C with free access to water and food. The protocol of the study was approved
by the Ethics Committee of Animal Use of the Faculty of Pharmaceutical Sciences of the University of Sdo Paulo
(CEUA/FCF/USP; protocol n°653), following Brazilian laws on animal ethics.

In vivo and ex vivo Evaluation of SBA-15 and Ac2-26 in the Gastrointestinal Tract

The homing of SBA-15 to the TGI was evaluated by coating FITC-SBA-15 with EL30D-55. Eudragit-FITC-SBA-15
(400 pg/400 pL) was administered orally to healthy mice on Day 6. Animals were euthanized 6 or 18 hours later to
withdraw the TGI. Ex vivo fluorescence images were acquired using IVIS ® Lumina LT Series III equipment (Xenogen
Corp., Alameda, CA, USA) using the following parameters: excitation/emission, 465/520; automatic exposure time, F/
stop 4; and binning, 4. For fluorescence intensity analysis, we selected a region of interest and normalized it to the
corresponding area. The signals acquired were analyzed using Living Image Software version 4.7.2 in units of photons/s.

Experimental Colitis

Experimental colitis was induced by gavage (v.0.) of 2% DSS, which was conveyed in the water of the animals from
Days 0-6, so that they received constant doses of DSS. The animals were divided into four groups: DSS, DSS +
Eudragit-SBA-15 (200 pg) and DSS + Eudragit-SBA-15-Ac2.26 (200 pg), both in a final volume of 400 pL. Treatments
were administered daily via the oral route between Days 6 and 9. The naive or DSS groups were manipulated as were the
other groups but with the carrier solution PBS only (Supplementary Figure 2). Clinical parameters (body weight,

diarrhea, and rectal bleeding) were evaluated daily (Day 0 to Day 10) to assess the evolution of colitis. The disease
severity index (DAI) was calculated from the sum of the clinical parameters. On Day 10, the animals were anesthetized
by isoflurane inhalation (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoroethane) and euthanized. Intestinal length was eval-
uated, and macroscopic analyses were performed. Colon samples were collected from the ileocecal junction up to the
proximity of the anus and subjected to histological (distal colon), enzymatic and flow cytometry (mid/proximal colon)
analyses.

Histopathological Analysis

Fragments collected from the distal part of the colon were fixed by 24 hours of incubation in 4% paraformaldehyde for
24 hours. Histopathological analysis was performed on 4 pm sections. The samples were stained with hematoxylin and
eosin solution and analyzed using an AxioCam system coupled to a Zeiss microscope (Carl Zeiss, Jena, Germany).
Histopathological score analysis was performed by two analysts who were blinded to the characteristics of the intestinal
tissue. The following scores were used: tissue edema, dysplasia/altered histoarchitecture, crypt edema, inflammatory
infiltrates, and ulcerations. Ten photos were taken of each histological section using a 20x high-power objective, and
scores were evaluated on a scale ranging from 0 to 4.

Immunohistochemistry Analysis

Colon sections were deparaffinized, hydrated and incubated with sodium citrate buffer (pH 6.0) at 96 °C for 30 minutes.
Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, and the sections were washed three times after
each 10-minute incubation. Next, nonspecific binding sites were blocked with 1% BSA diluted in Tris-buffered saline
(TBS) for one hour. The obtained sections were incubated with antibodies against Claudin-1 (1:50), MUC-2 (1:200),
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PCNA (1:10) and CD163 (1:100). Afterward, the membranes were washed and incubated with a secondary antibody
conjugated with HRP (1 hour, room temperature), and the signals were detected using 3.3’-diaminobenzidine. The
sections were photographed using an AxioCam system coupled to a Zeiss microscope (Carl Zeiss, Jena, Germany) with
a 40x high-power objective. The percentage of the area marked with Claudin-1 was quantified using ImageJ software.
The results are expressed as the mean = S.E.M. of the percentage of the marked area. MUC-2, PCNA and CD163 were
quantified by using a 40x high-power objective in ten fields of the mucosal layer from the sections, and the number of
positive cells was quantified for each field. The results are expressed as the mean + S.E.M. of cells per field.

Isolation of Leukocytes from Lamina Propria and Flow Cytometry

Leukocytes from the proximal colonic lamina propria were isolated after washing with 2 mM EDTA, followed by
digestion with collagenase Il and IV from Clostridium histolyticum (1 mg/mL). The cells were washed through 40-pm
strainers (Corning, Corning, NY, USA) and stained with Ly6G (PE) and F4/80 (PerCpCy5.5). Positive populations were
identified by labeling with single antibodies. A minimum of 10,000 events per sample were acquired on a BD Accuri C6
Flow Cytometer (BD, Becton Dickinson, New Jersey, US). The results are expressed as percentages of positive cells
normalized to controls from each experiment.

Enzyme Linked Immuno Sorbent Assay (ELISA)

A portion of 0.5 cm from the large intestine was segmented and 200 pL of ice-cold lysis buffer containing proteinase
inhibitors was added and homogenize using electric homogenizer. The contents were centrifugated and the supernatant
stored for protein quantification. Protein quantification was measured by Bredford reagent. ELISA was performed
following the manufacturer instructions. The result was normalized to the protein concentration.

Statistical Analysis

The experimental colitis model was subjected to analysis of clinical parameters using two-way ANOVA with
a subsequent Bonferroni post hoc correction. In addition, for other analyses, one-way ANOVA was utilized, followed
by Tukey’s post hoc test. The significance level was set at p < 0.05, and the results are presented as the mean + SEM.
GraphPad Prism 9.0 (San Diego, California, USA) software was used to conduct the statistical analyses.

Results
The Ac2-26 Solution is Composed of Rod-Like Particles

Ac2-26 was successfully dispersed in deionized water at a concentration of 6 mg/mL, allowing future experiments that
could require higher concentrations. Interestingly, the sample is more viscous than pure water and slightly hazy, which
indicates the likely existence of large aggregates, as these features are mitigated after dilution. To probe such aggregates,
we proceeded with DLS assays. Figure 1A shows the obtained autocorrelation function (black filled circles), C(t), fitted
with the nonnegatively constrained least squares (NNLS) method®® (red continuous line). From the satisfactory fitting,
the size distribution weighted by intensity, volume and number was evaluated (inset of Figure 1A). There are three
populations of particles with sizes of 23 £ 1 nm, 109 + 28 nm and 58 + 18 um, with the first being the most numerous.
Considering the results, none of these sets correspond to the peptide alone, with a molecular weight of only 3089.46 Da,
as reported by the manufacturer, but its self-assembled supramolecular structure and even aggregates. It is important to
realize that such analysis assumes a spherical shape for the probed objects. To confirm this feature, we performed SAXS
experiments on the same sample used for DLS.

The obtained SAXS data are shown in Figure 1B (black filled circles), and they were satisfactorily fitted by the
indirect Fourier transform (IFT),*’ implemented in the WIFT software. From the fitting (blue continuous line), the so-
called pair distance distribution p(r) was obtained (inset of Figure 1B, blue continuous line), which provides the particle’s
longest length of ~23 nm where p(r) = 0), in agreement with the DLS results concerning the population with the smallest
objects. Furthermore, the pair distance distribution, p(r), suggests the presence of elongated particles, for instance, with
rod shapes. In this context, a test was performed in which the SAXS data were fitted with a simple cylinder model.
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Figure | (A) Autocorrelation function (filled black circles) fitted by the NNLS method (continuous line). Inset: Hydrodynamic diameter distributions of the peptide
weighted by number, volume, and intensity. (B) SAXS data of the peptide in solution (filled circles) fitted by the IFT method (blue continuous line) and the cylinder model
(red continuous line). Inset: The obtained p(r) function, from IFT, and the size distribution function of the cylinder radius, N(D), from the model fitting. (C) SAXS data (filled
black circles) of the pure SBA-15 and the SBA-15 incorporated with Ac2-26 (sample SBA-Ac2-26) fitted by the SBA-I5 model (red continuous line). The curves were
vertically shifted for a clearer visualization. (D) NAI data of pristine SBA-15 and the SBA-15 incorporated with Ac2-26 (sample SBA-Ac-26). Inset: Pore size distribution
(PSD, adsorption and desorption).

A lognormal size distribution for the radii was also used, as in previous works.*' The obtained satisfactory fit (Figure 1B,
red continuous line) corroborates the hypothesis of a cylindrical shape. In this case, the objects have an average radius of
~3 nm, according to the obtained size distribution (inset of Figure 1B, red continuous line) and length of ~80 nm. The
former value is out of the probed scale length, defined by the minimum value of the q range; thus, it cannot be precisely
determined. Thus, the value indicated by the p(r) function, ~23 nm, was assumed to be the cylinder length.

Overall, the SAXS and DLS results suggested that the peptide self-assembled into rod-shaped particles.

SBA-15 is a Suitable Mesoporous Material for Anchorage Ac2-26

The percentage of peptide incorporated into SBA-15 was approximately 88.8% + 1.2% (n=4) 88.8%, as measured by the
Bradford dye-binding method. SAXS measurements were performed on powder samples of pure SBA-15 and SBA-15
containing the peptide (sample SBA-Ac-26). The obtained data are shown in Figure 1C (black-filled circles), and the
obtained results are comparable to those previously reported for ordered mesoporous silica.*> ** It is interesting to note
that both curves, with and without peptide, are very similar.
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To describe their structure and eventual differences, we proceeded with the data analysis using the model fully
detailed by Losito et al 2021a.** The main fitting parameters, as well as their values, are summarized in Table 1. R and T

correspond to the core radius and the shell thickness, respectively, of the core-shell cylinder modeling the mesopores, and

AP eore

oye 18 the shared standard deviation of the log-normal size distribution of R and 7. The parameter A indicates the

shell

contrast electron density of the core relative to that of the shell. Ideally, for “empty” mesopores. Otherwise, indicates the
existence of some material inside the mesopores. a is the lattice parameter, and o, quantifies the distortion of the lattice
relative to an ideal 2D-hexagonal lattice (for an ideal lattice). Finally, AP is the scale factor of the Porod term
(proportional to the ¢g~* decay law) and reflects, for instance, changes in the low q region of the SAXS curve related
to the presence of large aggregates, while Rg,opme- s the radius of gyration related to polymer-like scattering at high ¢
originating from the synthesis of SBA-15.

As expected, both curves have similar structural parameters, except for the AP parameter. In comparison to that of
pure SBA-15, its value increased ~3 times with the addition of peptide, which suggests the presence of material on the
SBA-15 macroporosity. Moreover, the parameter Ap,,,./Apg.; Slightly increased with peptide incorporation, indicating
that a fraction of the material was inside the mesopores. Considering that the percentage of peptide anchors was 87%, as

Table | Structural and Textural Properties of the Pristine SBA-15 Sample and
the SBA-I5 Incorporated with Ac2-26 (Sample SBA-Ac-26) Obtained from
SAXS and NAI Techniques

Technique Assessed Physical Samples
Parameter
in Each Technique SBA-13 SBA-Ac2-26
SAXS R [nm] 437(1) 437(9)
T [nm] 2.56(3) 2.53(2)
ret[%0)] 72(2) 7.809)
M 0.000(1) 0.006(1)
a [nm] 11.33(1) 11.33(1)
64 [nm) 0.044(6) 0.041(4)
AP x 1078 7.2(7) 20.8(2)
Repoimer [A ] 6.7(6) 8.1(5)
NAI BET surface area [mz/g} 768 (1) 342 (1)
Decrease in surface area [%)] N/A 55
BJH Mesopore Volume [cm?/g] 1.74 (1) 0.65 (1)
Filling/blocking Percentage [%)] N/A 62
Mean pore diameter(ads) [nm] 9.4 (I) 9.5 (I)
Mean pore diameter(des) [nm] 75 (1) 7.6 (1)
Wall thickness [nm)] 1.9 (I) 1.8 (I)

Notes: All uncertainties in the last digit, when exist, are presented between parentheses. R: core
BPeore
Apshelr

electron density of the core relative to the shell; a: lattice; o,: distortion of the lattice relative to an
ideal 2D-hexagonal one; AP: scale factor of the Porod term; Rg,me,: radius of gyration related to
the polymer-like scattering. o: sigma. A: angstrom, wave length of the electromagnetic radiation.
Abbreviations: Ads, adsorption; Des, desorption; N/A, Not applicable.

radius; 7" shell thickness; o,.;: standard deviation of the log-normal size distribution; : contrast
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previously discussed, most of the Ac-26, in its aggregated/self-assembled form, possibly exhibited SBA-15
macroporosity.

To obtain more information on SBA-15 pore filling by the peptide, NAI experiments were performed. The sorption
results for the SBA-15 samples, pristine and loaded with Ac2-26 (peptide:silica, 1:35 wt%), are shown in Figure 1D and
are similar to those reported by Zhao et al*® for the SBA-15 material. The isotherms of both samples show hysteresis
loops with sharp adsorption and desorption branches, which indicates a narrow pore size distribution (PSD). From the
quantitative analysis using the Brunauer—Emmett-Teller (BET) and Barrett-Joyner—Halenda (BJH) models as well as
calculations based on previous works,*® the PSD was obtained (inset of Figure 1D) along with other useful parameters
summarized in Table 1. Although the PSDs of both samples are very similar, the data presented in Table 1 show
a reduction of ~55% in the surface area (internal mesopicroporosityxternal macroporosity) after the incorporation of the
peptide into SBA-15. Additionally, considering the ~62% reduction in the available mesopore volume, which can
indicate either filling or blocking of the pore entrance, we can conclude that the peptide is located inside the silica
pores (mesopores and/or macropores). In combination with the SAXS results, the hypothesis that most of the peptides are
likely to have SBA-15 macroporosity is supported. To augment this hypothesis, transmission electron microscopy (TEM)
was conducted. By examining the images, focusing solely on contrast differences, there is a clear observation of channel
filling in the FITC-SBA-15 sample. However, Ac2-26, an organic compound with a low molecular weight (~3 kDa),
exhibits slight variation in TEM micrographs when compared with SBA-15 (Supplementary Figure 3). The possibility of

increasing the peptide concentration is evident since there is still “free space” in the SBA-15 pores, with the care of
preserving a homogenous distribution.

SBA-15 Does Not Cause Cytotoxicity and Releases Ac2-26

Fluorophore labeling was employed to investigate the uptake of SBA-15 and the release of Ac2-26 by SBA-15 into cells.
SAXS and TEM measurements revealed the incorporation of fluorophores into SBA-15 without robust changes in the
SBA-15 scattering profile (Supplementary Figures 3 and 4). Here, we show the low uptake of SBA-15 by differentiated
colonic epithelial cells (Figure 2A and D, Supplementary Figure 5) and 3D colonic organoids (Figure 2B, Supplementary
Figure 5), which indicates that SBA-15 may be poorly absorbed in the gut. Moreover, further flow cytometry analysis

confirmed these data (Supplementary Figure 6). Nonetheless, enhanced epithelial permeability or even disruption of the

epithelial barrier that occurs during gut inflammation may favor microparticle influx into tissue.

Hence, SBA-15 may be taken up by phagocytes in the inflamed tissue. Data presented in Figure 2C showed that J774
murine macrophages engulfed the microparticle by phagocytosis, as the percentage of intake was blocked by cytocha-
lasin D with a concentration of 20 pM. The uptake of microparticles increased with time (Figure 2E and F) and did not
cause cytotoxicity until 48 hours of incubation (Figure 2G). Indeed, these data corroborate previous data depicting SBA-
15 as a promising drug carrier into epithelial cells in the gut and inflammatory phagocytes.*’

To evaluate the delivery of Ac2-26 by SBA-15, Caco-2 epithelial cells were incubated with SBA-15 loading Ac2-26-
CyS5.5 labeled. Flow cytometry assay detected fluorescence emitted by Ac2-26-CyS5.5 in the epithelial cells after 30
minutes of incubation, which was increased 6 hours after incubation (Figure 2H). Furthermore, similar data was found in
Raw 264.7 macrophages, which also evidences the capability of SBA-15 to deliver the peptide into phagocytes
(Figure 2H).

Biodistribution of Eudragit-SBA-15 in the Gastrointestinal Tract (GIT) and Peptide

Release into the Gut
Notably, in vitro dissolution analysis revealed that the Ac2-26 peptide was released from Eudragit-SBA-15 in a pH
solution close to that found in the duodenum (Supplementary Figure 7). Hence, to confirm whether the peptide was

delivered into the gut, Eudragit-SBA-15-Ac2-26Cy.5.5 was orally administered, and the intensity of fluorescence in the
GIT was measured after 3 hours of administration, which was maintained until 8 hours of analysis (Figure 3A).

To evaluate the transit of Eudragit-FITC-SBA-15 in the GIT and in the large intestine, we tracked the effects of
treatment 6 and 18 hours after oral administration in mice. The signals of Eudragit-FITC-SBA-15 were detected in the
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Figure 2 (A) Representatives pictures from differentiated EDMs treated FITC-SBA for 24 hours. In All images, green inside the cells represent microparticles
internalization. (B) Representative pictures showed 3D murine organoid challenged with microparticles and cultured for 6 days. (C) Representative pictures showed
macrophages 774 challenged or not with microparticles for 24 hours in presence or absent of phagocytosis inhibitors (cytochalasin (D). (D) The percentage of
microparticles uptake was determined. Determined by parametric Student’s t-test. (E and F) represent the uptake quantification of FITC-SBA after 4 hours (4h) and 24
hours (24h) after treatment. Scale bar represent 50 pm. Determined by One-Way ANOVA and Tukey multiple comparisons (G) Cytotoxicity by MTT assay using murine
macrophages Raw 264.7. Ac2-26, SBA and Ac2-26-SBA concentrations |, 2, 3 and 4 corresponding to 0.5, 5, 10 and 50 pg/mL respectively. Red line represents the 75% of
mitochondrial activity. B, means cell incubated only with culture medium (Basal); D, means DMSO 0% treatment as positive control cytotoxicity. (H) Representative graph
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ANOVA and Tukey multiple comparisons. The lower left side represents the Caco-2 and Raw 264.7 histogram median of fluorescence (upper line) and the percentage using
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Photons/s

Figure 3 Biodistribution along the TGI of Eudragit-SBA-Ac2-26Cy5.5 Eudragit-FITC-SBA-15. Mice were treated orally and the intensity of the distribution is represented by
photons/s. (A) Eudragit-SBA-Ac2-26Cy5.5 distribution was analyzed after 3 hours and 8 hours in vivo (top) and the TGI analyzed separately ex vivo (botton) at the same
time points. The yellow color represents the higher intensity in the tissue. (B) Eudragit-FITC-SBA-15 biodistribution ex vivo along the TGl after 6 hours and 18 hours. The
red color represents the higher intensity in the tissue. The white square on the top is representing the stomach portion. The white square on the bottom is representing the
large intestine portion.

small and large intestines at 6 hours and 18 hours after administration, respectively (Figure 3B). Associated data obtained
showed that Eudragit-SBA-15 remains in the GIT for at least 18 hours, which may lead to sustained release of the peptide
into the gut, suggesting that further analysis of the therapeutic efficacy of Eudragit-SBA-15-Ac2-26 via the oral route on
IBD is needed.

Eudragit-SBA-15-Ac2-26 Reduces Clinical Symptoms and Inflammation in the Gut
DSS-induced colitis is a standard model of experimental IBD.** The oral administration of DSS triggers the peak of the
disease on Day 6, and the withdrawal of DSS promotes the initial recovery of tissue on Day 10.'®**?%% Hence, oral
Eudragit-SBA-15-Ac2-26 treatment started at the peak of the disease (Day 6) and was maintained at the beginning of the
recovery phase (Day 10). Treatments were performed once a day based on the TGI distribution of SBA-15 and peptide
release. The data obtained showed that oral administration of Eudragit-SBA-15-Ac2-26 prevented weight loss and
induced colon length recovery, leading to a decreased DAI (Figure 4A—C). Moreover, the treatment inhibited the influx
of neutrophils and macrophages into the inflamed gut, reduced the secretion of the inflammatory cytokines TNF-A and
CXCL-1, and enhanced the secretion of the anti-inflammatory cytokine IL-10 (Figure 4D-H). The beneficial effects of
the treatment were due to Ac2-26 loading, as treatment with Eudragit-SBA-15 did not prevent clinical symptoms or
inflammation (Figure 4A—H).

Eudragit-SBA-15-Ac2-26 Improves the Gut Histoarchitecture

Histological analysis of the tissue revealed that DSS administration induced ulcers, crypt abscesses, vacuolar hydropic
degeneration, submucosal edema, and massive mucosal/submucosal inflammatory cell infiltration. These alterations were
reduced, and the colonic histological architecture was recovered by oral treatment with Eudragit-SBA-15-Ac2-26
(Figure 5A).
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Figure 4 Clinical, cellular and secretory profile of DSS-induced colitis mice treated with Eudragit-SBA or Eudragit-SBA-Ac2-16. (A) Percentage of body weight loss; (B)
Anatomic evaluation of the colon and length measure; (C) DAI; (D) Percentage of macrophages isolated from lamina propria (CD45"/F4/80"); (E) Percentage of neutrophils
isolated from lamina propria (CD45%/Ly6G"); (F) TNF-a; G CXCL-1; (H) IL-10. n = 10 mice/group. *p < 0.05, *p < 0.01, ¥*p< 0.001, ¥+¥p<0.0001 vs DSS. %p < 0.05,
&5 < 0.01, %&p< 0001, ####;<0,0001 vs Eudragit-SBA-I5.

Immunohistochemical analysis was carried out to determine the mechanisms involved in the protection of the gut
architecture caused by Eudragit-SBA-15-Ac2-26 treatment. DSS administration decreased the expression of claudin-1,
a major component of tight junctions that is essential for epithelial cell barrier integrity; reduced the expression of mucin-
2, which is associated with goblet cells, leading to impaired mucus secretion; reduced epithelial cell proliferation; and
reduced the number of anti-inflammatory M2 macrophages in the tissue. Oral treatment with Eudragit-SBA-15-Ac2-26
reversed all the effects on the tissue architecture (Figure SB-E).

Discussion

The oral route is the most preferred route for drug administration to treat IBD because it is not invasive, allows high
patient compliance and flexibility in dose adjustment, and delivers the drug directly to the colonic region.*® Nonetheless,
the bioavailability of small molecules and proteins is poor after oral route administration, and suitable pharmaceutical
technical approaches are required to prevent bacterial and enzyme-rich environments and different pH values in the
gastrointestinal system.48 Based on the robust beneficial effects of AnxAl on IBD, we inferred that the AnxA1 mimetic
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Figure 5 Histopathological sections performed with HE dyes. (A) Histopathological score represented by arbitrary units. The sections were blindly evaluated and
considered alterations were highlighted. Tissue edema (square brackets), inflammatory infiltrates (black arrow head) and ulcerations (red arrow). Naive section presenting
normal histoarchitecture. Mice colon sections submitted to IHC. (B) Representative sections and percentage (%) of marked area for Claudin-I marker. Black square
represents the apical region. (C) Representative sections and, number of positive cells per field for MUC-2 marker. Black square represents the apical region. (D)
Representative sections and, number of positive cells per slide for PCNA marker. Black arrow heads indicating positive cells. (E) Representative sections and number of
positive cells per field for CD 163 marker. Black arrow heads indicating positive cells. n = |0 mice/group. Scale bar: 50 pm. Sections: 4 um. *p < 0.05, **p < 0.01, ***p< 0.001,
weRkp < 0,0001 vs DSS. ¥p < 0.05, %%%%p < 0,0001 vs DSS + Eudragit-SBA-15.

peptide Ac2-26 could be incorporated into SBA-15 ordered mesoporous silica microparticles and that polymer coverage
via the well-known Eudragit® (L30 D55 polymer, Evonik) could protect SBA-15-Ac2-26 from unwanted damage caused
by TGI to deliver Ac2-26 into the inflamed colon.
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SBA-15 is a highly thermic, hydrothermal, and mechanic-resistant material®® that can resist pH and enzymatic
reactions [46]. The structural components of SBA-15 contain many essential sylanol groups (Si-OH)***° to bond
substances in its structure. SBA-15 also has a large surface area, large pore volume, and narrow mesoporous pore size
distribution of approximately 10 nm. Together, these properties allow the safe transport of small molecules through the
TGIL>'° In fact, by modeling the SAXS data, in combination with the NAI results, it was possible to conclude that
a fraction of the Ac2-26 peptide was loaded into the SBA-15 mesopores. In contrast, the remaining amount is on the

silica surface, a similar scenario observed in previous studies,***’

in which the authors loaded proteins instead of
peptides. As suggested by Rasmussen et al,>® the biological content of the SBA-15 macroporosity is still being protected
against harsh environmental conditions such as the TGI.

Positively charged molecules can undergo electrostatic interactions with anionic components such as glycoproteins
expressed on epithelial cells. This results in charge neutralization and alteration of tight junction permeability, allowing
the transport of positively charged molecules.’® For this reason, SBA-Ac2-26 was further covered with Eudragit®, a pH-
responsive anionic copolymer produced from methyl methacrylate and methacrylic acid. It exhibits pH-dependent
solubility characteristics, remaining stable under acidic conditions but dissolving at basic pH (pH >7.0)°* to facilitate
drug release, which can start in the distal ileum under physiological conditions. Eudragit is an efficient drug carrier in the
lower pH of the inflamed gut, as it carries a significant negative charge,®' enabling its preferential absorption to sites of
inflammation. Imaging tomography analysis confirmed that Eudragit-SBA-15 administered orally remained in the GIT
for an extended period and was suitable for delivering drugs to the gut. Moreover, Eudragit-SBA-15 uptake by in vitro
gut epithelial cells in two- or three-dimensional cell models was deficient, reinforcing the hypothesis that SBA-15 is not
absorbed in the gut and can be excreted by feces.*’” Further data revealed that Eudragit-SBA-15 is a suitable platform for
the delivery of the peptide into the gut, as Ac2-26 was detected in the epithelium after in vitro incubation with SBA-15-
Ac2-26, and Eudragit-SBA-15 delivered Ac2-26 into the gut for an extended period after oral administration.

The inflammatory environment disrupts the intestinal barrier in IBD, resulting in increased permeability, allowing the
leakage of nanoparticle-based therapies to the lamina propria and subsequent engulfment by phagocytes.®> ** This may
be a suitable mechanism of SBA-15-Ac2-26 in IBD, as we confirmed that macrophages efficiently phagocytose SBA-15.

The beneficial effects of Ac2-26 on IBD symptoms are related to its binding to FPR1 on the inflamed epithelium.*>~°
Moreover, AnxAl is highly expressed by neutrophils and macrophages in the lamina propria and mediates efferocytosis
via FPR2 agonism.'®*? Ac2-26 acts similar to AnxAl, binding to both receptors for downstream anti-inflammatory and
tissue repair through intracellular pathways and impairing the migration of macrophages and neutrophil to the site of the
inflammation.®> These concepts can be applied to SBA-15 distribution and the biological response of Ac2-26 to oral
treatment of colitis. The treatment promoted rapid beneficial effects, as detected by the marked reduction in weight loss
24 hours after the first treatment, which was sustained for the following three administrations once a day during the
recovery phase of the disease. The effectiveness of oral treatment for colitis could not be compared to that of free Ac2-26
administration due to the poor bioavailability of peptides after oral intake.°® On the 10th day of the disease, the treatment
inhibited the influx of neutrophils and monocytes into inflamed tissue and reduced the levels of proinflammatory
cytokines secreted in the tissue. The latter effect could reflect the lower number of inflammatory cells. Indeed, Ac2-
26, similar to AnxAl, detaches adhered cells to endothelial cells, thus limiting their trafficking to inflamed sites;®” %
nonetheless, Ac2-26 inhibits the secretion of proinflammatory cytokines via transcriptional and posttranscriptional
pathways.”®’® Conversely, the levels of the anti-inflammatory and pro-resolution cytokine IL-10 were enhanced by the
treatment, which was consistent with the high levels of anti-inflammatory CD163 M2 macrophages in the tissues of the
treated mice. Ac2-26 is a recognized resolvin peptide that polarizes M2 macrophages and induces neutrophil apoptosis to
further phagocytose M2 macrophages.?”-*%:67-%°

In addition to reducing inflammation, Eudragit-SBA-15-Ac2-26 treatment promoted tissue repair by rescuing tight
adhesion molecule and claudin-1 expression and promoting epithelial cell proliferation. AnxAl, similar to Ac2-26,
induces epithelial repair in different models, and the underlying mechanisms involve binding to FPR1/FPR2 receptors
downstream of the ERK1/2 phosphorylation pathway and inhibition of RhoA—ROCK signaling.*”’""7” Phosphorylated
AnxAl downstream of ERK1/2 is clearly involved in mucin secretion and claudin-1 expression, as ERK1/2 blocks

AnxAl activity in uterine epithelial cells and conjunctival goblet cells.”®’®
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Conclusion

Here, we designed a polymer-covered microparticle containing the anti-inflammatory peptide Ac2-26 as a platform for targeted
drug delivery to the inflamed colon via oral administration. This concept is based on the high incorporation of small molecules
into mesoporous microparticles, which polymers can cover to protect them from the adverse effects of TGIs on drug delivery.
Indeed, approximately 88% of the Ac2-26 peptide was incorporated, and massive peptide release occurred at a pH close to that of
the gut microenvironment, suggesting that the peptide could be effectively protected from premature release until it reached the
ileum and colon. Further data corroborated the platform’s efficiency, as Eudragit-SBA-15 reached the large intestine in 18 hours
and delivered the peptide to the gut, and clinical colitis symptom recovery was detected in the first 24 hours of treatment. After
four doses, once a day, the inflamed tissue was recovered, demonstrating the anti-inflammatory and tissue repair effects of the
peptide. Therefore, this platform holds promise, particularly for safeguarding and delivering Ac2-26 to the inflamed colon to
trigger distinct intracellular pathways, which are recognized as underlying mechanisms of AnxA1l protection in IBD.
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