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Abstract

Inflammatory Bowel Disease (IBD), comprising Ulcerative Colitis (UC) and Crohn’s Disease
(CD), is a chronic inflammatory condition affecting the lower gastrointestinal tract (GIT). The
pathophysiology of IBD is complex, involving genetic, environmental, and immune factors,
and is featured by high variability among patients. This complexity makes the disease

unpredictable and the treatment particularly challenging.

Currently, the therapeutic management of IBD is very dependent on the disease severity,
and the patient's clinical history, in the search for the treatment that targets the inflammatory
niche and brings a better response from the patient. However, IBD medications often exhibit
limitations such as lack of selectivity, low local bioavailability, loss of efficacy over time, and
significant side effects. Recent developments in the treatment of IBD using GLP-2 peptide
analogs, such as teduglutide (TED), showed promising results in managing IBD symptoms
by enhancing intestinal repair and attenuating inflammation. Still, due to enzymatic
degradation and poor intestinal absorption, GLP-2 analogs are administered parenterally,

resulting in low adherence among patients.

Nanoparticles (NPs) are a promising tool to address the challenges associated with the
poor TED bioavailability and administration pathway. Their small size and large surface area
allow for the efficient delivery of drugs, potentially reducing the required dosage and
minimizing side effects. NPs can be further engineered to improve drug stability and
absorption, increasing therapeutic efficacy. Stimulus-responsive NPs, in turn, enable the
NPs to release the therapeutics at the site of inflammation in a controlled manner,
maximizing its efficacy while sparing the rest of the body from unnecessary exposure. This
strategy not only promises to enhance treatment efficacy but also to reduce the occurrence

of adverse effects, providing a significant advancement in the management of IBD.

Taking all the above-mentioned considerations, the main goal of this thesis was to develop
Reactive Oxygen Species (ROS)-sensitive NPs, carrying the GLP-2 analog TED, for the

treatment of IBD, upon oral administration.

NPs were established using a poly(lactic-co-glycolic acid) (PLGA) matrix. PLGA is one of
the most used polymers to produce polymeric NPs due to its biocompatibility and
biodegradability. However, PLGA hydrophobicity increases the possibility of NPs to interact
with the hydrophobic cores of the mucus, hampering their movements across this barrier
and, consequently, impeding or delaying the release of TED at the inflamed epithelium. A
dense coating of NPs’ surface with the hydrophilic and neutral-charged polymer

polyethylene glycol (PEG) (known as PEGylation) constitutes an effective method for



enabling NPs to freely move through mucus. In this way, NPs PEGylation is desirable to
cross the mucus barrier, but subsequent PEG removal is crucial for cellular internalization.
In this work, the de-PEGylation process was achievable by taking advantage of the
overproduction of ROS in intestinal mucosa and by the inclusion of a ROS-responsive
thioketal (TK) linker between the PEG and the PLGA matrix.

ROS-sensitive PLGA-PEG NPs were developed through the double emulsion solvent
evaporation technique, using dichloromethane (DCM) as the organic phase and poly (vinyl
alcohol) (PVA) as a surfactant. NPs presented a spherical shape with an average size of
200 nm, a narrow size distribution, and a neutral surface charge. NPs resulted in a sub-
diffusive profile in mucus as assessed by multiple particle tracking (MPT). When incubated
in ROS-simulated conditions, NPs evidence the ability to fully de-PEGylate via ROS-
mediated cleavage through the loss of the characteristic TK linker '"H NMR peaks and a
decrease of the '"H NMR PEG peaks, after the exposure to ROS.

TED was efficiently loaded on NPs with an association efficiency (AE %) of 70 %, and a
drug loading (DL %) of 7 %. The encapsulation of TED into NPs resulted in safe
nanosystems, for both epithelial and immune cells, in a wide range of concentrations. The
limited permeability, in both healthy and diseased 3D models of the human intestine,

potentially indicates an epithelium-localized action.

Biodistribution and efficacy assays were performed in a DSS colitis-induced C57BCL/6 mice
model. For the biodistribution assays, cyanine 7.5 (Cy7.5)-loaded NPs were administered
both orally or rectally to mice in a fasted state. After 15 and 120 min, the animals were
euthanized and IVIS images of the GIT and colon (in the case of oral or rectal
administrations, respectively) were collected. Tissues were also collected for confocal
analysis. Oral-delivered ROS-sensitive NPs were able to move through the stomach and
small intestine, reaching the colon in the 15 min time frame, proving their targeting ability to

the inflamed colon.

In vivo efficacy was assessed after once daily oral administration of NPs for 5 consecutive
days. ROS-sensitive mPEG-TK-PLGA:PLGA NPs effectively reduced colonic inflammation,
as evidenced by colonoscopy analysis, pro-inflammatory cytokines quantification, and
histological examination. The intestinotrophic effect was also confirmed through Ki67

immunohistochemistry.

Overall, the promising outputs of this newly developed nanosystem in reducing
inflammatory markers and increasing mucosal healing can translate into a potential

therapeutic candidate for IBD treatment.



Resumo

A doenga inflamatéria intestinal (DII) engloba um conjunto de doencgas crénicas do trato
gastrointestinal (TGl) inferior, do qual fazem parte a Colite Ulcerosa (CU) e a doenca de
Crohn (DC). A fisiopatologia da DIl € complexa, envolvendo um conjunto de fatores tanto
geneéticos, como ambientais e imunoldgicos, com elevada variabilidade entre pacientes.
Esta complexidade faz com que esta doenga seja imprevisivel e com que o tratamento seja

desafiante.

Atualmente, o tratamento aplicado a doentes com DII, depende da gravidade da doenga,
do histdrico clinico do paciente, de forma a procurar o tratamento que trara uma melhor
resposta por parte do mesmo. E de salientar que os farmacos frequentemente usados para
a DII, apresentam muitas limitagdes, como a falta de seletividade, baixa biodisponibilidade,
perda de eficacia ao longo do tempo e efeitos secundarios significativos. Novas terapias,
com base em péptidos, mais especificamente, analogos do GLP-2, como o teduglutide
(TED), tém mostrado elevado potencial no tratamento da DIl, devido a sua capacidade de
reparar e renovar o intestino e de atenuar a inflamagédo. No entanto, a degradacéo
enzimatica e a fraca absorg¢ado intestinal, levam a que os analogos da GLP-2 sejam

administrados por via injetavel, levando a uma menor adesao por parte dos pacientes.

O uso de nanoparticulas (NPs), permite colmatar as limitagdes associadas a fraca
biodisponibilidade do TED e a sua forma de administracao. O seu pequeno tamanho e
vasta area de superficie, permitem uma eficiente entrega de farmacos, fazendo com que
ndo sejam necessarias doses elevadas, diminuindo desta forma os efeitos secundarios.
Para além disso, as NPs podem ser desenhadas de forma a conseguirem melhorar a
estabilidade e absorcado dos farmacos, aumentando a sua eficacia terapéutica. As NPs
podem também ser desenvolvidas de forma a responder a estimulos (internos e externos),
permitindo que a libertagdo dos farmacos ocorra no local especifico da inflamagao,
diminuindo a exposicdo do resto do corpo aos mesmos, levando a uma diminuicido dos

efeitos secundarios € a um aumento da eficacia terapéutica.

Desta forma, e tendo em consideragao tudo o supracitado, o objetivo principal desta tese
consistiu no desenvolvimento de NPs sensiveis a espécies reativas de oxigénio (ERO),

para a entrega direcionada do TED, para o tratamento da DII, apds administragéo oral.

As NPs foram desenvolvidas usando uma matriz de poli(L-acido lactico-co-acido glicélico)
(PLGA). O PLGA é um dos polimeros mais usados para produzir NPs poliméricas devido
a sua biocompatibilidade e biodegradabilidade. No entanto, o seu perfil hidrofébico

aumenta a possibilidade das NPs interagirem com os nucleos hidrofébicos do muco,



diminuindo a sua mobilidade nesta camada e, consequentemente, impedindo ou atrasando
a libertagao do TED no epitélio inflamado. Deste modo, se revestirmos as NPs de PLGA
com polietileno glicol (PEG), o sistema fica mais hidrofilico e com uma maior capacidade
de se mover através da camada de muco. A passagem das NPs através desta camada é
crucial para a sua interacdo com o epitélio. Assim, precisamos do PEG para passar a
camada de muco, mas a sua remogao posteriormente é necessaria para que as NPs
possam interagir melhor com as células. Esta des-PEGuilagao é possivel tirando vantagem
da sobreproducédo de ERO na DIl e do uso de um linker tiocetal sensivel a ERO, entre a
matriz de PLGA e o PEG.

As NPs sensiveis a ERO foram desenvolvidas através da técnica de dupla emulséo,
usando diclorometano (DCM) como fase organica e acetato de polivinila como surfactante.
Estas NPs mostraram ter uma forma esférica, com tamanhos médios de 200 nm, uma boa
distribuicdo do tamanho da particulas e carga neutra (~ -1 mV). A habilidade das NPs de
atravessar o muco foi avaliada através de um ensaio de rastreamento de multiplas

particulas e estas mostraram ter um perfil sub-difusivo em homogeneizados de mucina.

Para além disto, quando incubadas em ambientes simuladores de ERO, as NPs foram
capazes de des-PEGuilar, observando-se a auséncia dos picos de RMN correspondentes

ao linker tiocetal e uma diminuigao consideravel dos picos do PEG.

A eficiéncia de associagcdo do TED as NPs foi de 70 %, com uma capacidade de
encapsulacao de 7 %, e o sistema final mostrou ser seguro, tanto em células epiteliais
como em células imunes, num vasto range de concentrag¢des. Adicionalmente, observou-
se uma auséncia de absorc¢ao do TED in vitro, em modelos 3D que mimetizam intestinos
saudaveis e doentes. Esta auséncia de absorgao pode ser um indicador da acéo local (a

nivel epitelial) do farmaco.

Os ensaios de biodistribuicao e eficacia foram realizados em ratinhos C57BCL/6, apds a
indugéo de colite ulcerosa com 2 % (m/v) de sulfato de sédio dextran. Para os ensaios de
biodistribuigdo, NPs carregadas com cianina 7.5 foram administradas oralmente ou por via
rectal, a ratinhos em jejum. Apds 15 e 120 min, os animais foram eutanasiados e foram
recolhidas imagens do TGl e do colon (no caso das administragdes orais e rectais,
respetivamente), usando o IVIS. Posteriormente, os tecidos foram recolhidos para analise
por microscopia de confocal. Como resultado desta experiéncia, observou-se que as NPs
sensiveis a ERO, foram capazes de atravessar o estdbmago e o intestino delgado,

chegando ao colon nos primeiros 15 min apdés a administracao oral.

Para os ensaios de eficacia, as NPs foram administradas uma vez por dia, durante 5 dias
consecutivos. As NPs sensiveis a ERO (mPEG-TK-PLGA:PLGA NPs) mostraram
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resultados promissores na reducao da inflamacao, através da analise de colonoscopias,
bem como da quantificacdo de citocinas pré-inflamatérias e da analise histologica.
Verificou-se também o aumento da regeneragcdo da mucosa, através da analise

imunohistoquimica do ki67.

No geral, os resultados promissores deste nanossistema em reduzir marcadores
inflamatérios e aumentando a regeneragdo da mucosa, podera traduzir-se num novo

candidato ao tratamento da DII.
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List of Figures

Figure 2.1 — Clinical manifestations of Inflammatory Bowel Disease. (A) Ulcerative
Colitis: Proctitis is usually the mildest manifestation of UC and is limited to the rectum;
Proctosigmoiditis affects the lower portion of the colon as well as the rectum, but not so
extensively as Distal Colitis, and is occasionally referred to as the sigmoid colon; Distal
Colitis or Left-Side colitis affects the rectum and the left-side portion of colon; Pancolitis or
Extensive colitis can affect all colon; Toxic Colitis or Fulminant Colitis is a severe
complication of UC that can result in death. (B) Crohn’s Disease: lleitis affects only the
ileum; lleocolitis affects the ileum and the colon; Jejunocolitis affects the upper part of the
GIT, mainly the jejunum; Gastroduodenal Crohn’s Disease affects the stomach and the
duodenum; Crohn’s (Granulomatous) Colitis affects only the colon; Perianal Crohn’s cause

inflammation around the anus.

Figure 2.2 — Hypothetical model of Inflammatory Bowel Disease development and
progression. Under normal conditions, the gut microbiome generates beneficial
metabolites that help the maintenance of the mucosal barrier. Due to the influence of
genetic, environmental, and/or immune factors, a Pre-Disease state occurs. At this stage,
some commensal microbiomes become pathobionts adapting better to an environment
marked by immune responses, a weakened barrier, reduced mucus, and other contextual
factors. As the disease evolves, patients reach the Initial Disease marked by evident
mucosal damage and active inflammation. The population of commensal bacteria drastically
declines as pathobionts increase. Consequently, the microbiota produces fewer beneficial
metabolites. If the disease persists, it progresses to a Chronic Disease characterized by
ongoing inflammation. This sustained inflammation and prolonged dysbiosis result in an
immune imbalance and hinder mucosal recovery, perpetuating a cycle of chronic

inflammation and dysbiosis. Created with BioRender.com

Figure 2.3- Conventional treatment options for Inflammatory Bowel Disease, both

Ulcerative Colitis and Crohn’s Disease. Adapted from [11].

Figure 2.4 - Schematic representation of the intestinal mucosa, including the different

cells of its composition. Created with BioRender.com. Adapted from [181].
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Figure 2.5 - Stimuli-sensitive mechanisms for drug release. (A) The use of responsive
polymers to produce NPs, allows the active release upon stimuli triggering. (B) The drug
bounding to stimuli-responsive linkers allows the drug release upon linker cleavage.
Adapted from [236].

Figure 3.1. Development and characterization of PLGA, mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs. (A) Physico-chemical characterization of optimized formulations by DLS
and LDE. TED AE (%) and DL (%), obtained after HPLC-FL analysis. Results are presented
as mean = SD (n = 3). (B-D) Morphological TEM characterization of PLGA, mPEG-TK-
PLGA:PLGA and mPEG-PLGA NPs, respectively. (E-F) Stability of NPs over 5 weeks stored
at 4°C in phosphate-buffered saline (PBS). (E) Size presented as hydrodynamic diameter,
(F) polydispersity index, and (G) zeta potential. Two-way analysis of variance was
performed to compare multiple independent groups and the post hoc test Tukey’s was used
to compare the differences between those groups. Results are presented as mean £ SD (n
=3).

Figure 3.2 - ROS-sensitiveness ability of the TK linker. (A) Comparison of the '"H NMR
spectra of the mPEG-TK-PLGA co-polymer, under (green spectra) and without ROS
conditions (blue spectra). (B) Comparison between the '"H NMR spectra of mPEG-TK-
PLGA:PLGA NPs, under (green spectra) and without ROS conditions (red spectra). The

chemical shift of protons from the groups on the polymer is identified by letters.

Figure 3.3 - Diffusivity and hydrophobicity profiles of NPs. (A) Effective diffusivities <Deff>
of different DiO-loaded NPs in mucus surrogates, as a function of time scale, for 1 second
(n = 3). (B) Graphical representation of the hydrophobicity degree of the mPEG-TK-
PLGA:PLGA NPs relative to PLGA NPs. Data are provided as mean = SD (n = 3). An
unpaired t-test was performed to compare the PLGA NPs with mPEG-TK-PLGA:PLGA NPS.

(*) denotes a significant difference (p < 0.05).

Figure 3.4 - Results obtained in the resazurin assay for Caco-2 cells, HT29-MTX, and THP1
macrophage-like cells, after 24 h incubation with free TED, TED-loaded, and empty NPs.

Data are given as mean = SD (n = 3).
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Figure 3.5 - Quantitative (flow cytometry) assessment of the uptake of NPs in both immune
(Human-derived monocytes and THP-1 macrophage-like cells) and epithelial (Caco-2 and
HT29-MTX) cells, before and after the nanoformulations being exposed to ROS stimulus.
Results are represented as a fold increase relative to unstained controls. Data are
presented as mean + SD (n = 3). (*) denotes significant differences between PLGA and
mPEG-TK-PLGA:PLGA NPs, (*) denotes significant differences between PLGA and mPEG-
PLGA NPs, and, (*) denotes significant differences between mPEG-TK-PLGA:PLGA and
MPEG-PLGA NPs (p < 0.05).

Figure 3.6 - Schematic representation of the (A) in vitro 3D intestinal healthy model and the
(B) in vitro 3D intestinal inflammation model. Images created with BioRender.com. TEER
values and permeability profile (% of the initial amount) of free TED, TED-loaded PLGA
NPs, and TED-loaded mPEG-TK-PLGA:PLGA NPs through the 3D in vitro intestinal healthy
(C) and the inflamed model (D), in function of time. (E) depicts the comparison of both
models in terms of TED permeability. All results are represented as mean + SD (n = 3). (*)
denotes significant differences between free TED and TED-loaded PLGA NPs, (¥) denotes
significant differences between TED-loaded PLGA NPs and TED-loaded mPEG-TK-
PLGA:PLGA NPs, and (%) denotes significant differences between free TED and TED-
loaded mPEG-TK-PLGA:PLGA NPs. When comparing the two models’ permeability, (°)
denotes significant differences in the permeability of TED-loaded mPEG-TK-PLGA:PLGA
NPs, and (*) denotes significant differences in the permeability of TED-loaded PLGA NPs.

(p < 0.05).

Figure 3.7 - Distribution of NPs through the GIT, after oral administration. (A) Biodistribution
experiments chronogram. (B) Schematic representation of the mouse GIT and delimitation
of the segments for the distribution. (C) Total extension of the GIT length covered by NPs
(%). (D and E) Semi-quantitative evaluation of the amount of NPs associated with excised
tissues. (F and G) Qualitative assessment of the distribution and retention of Cy7.5-loaded
NPs in different segments of the GIT, after oral administration, using NIR imaging IVIS. (H
and I) Representative fluorescent microscopy images of transversal sections in different
segments of the GIT, after 15 and 120 min of oral administration of the NPs. Green, blue,
and red signals correspond to Cy7.5 (associated with NPs), DAPI (nuclei), and CellMask™
Orange Plasma membrane Stain (cell membrane), respectively. Scale bars represent 100
pum. (J and K) Semi-quantitative assessment of the distribution and retention of NPs, based

on the transversal tissue section fluorescence analysis. All results are presented as mean
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+ SD (n = 3). (*) denotes significant differences between mMPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs and (*) denotes significant differences between PLGA and mPEG-PLGA
NPs.

Figure 3.8. Distribution of NPs through the colon, after rectal administration. (A) Schematic
representation of the mouse colon and delimitation of segments for the distribution. (B)
Total extension of the colon length covered by NPs. (C and D) Semi-quantitative evaluation
of the amount of NPs associated with excised tissues. (E and F) Qualitative assessment of
the distribution and retention of Cy7.5-loaded NPs in different segments of the colon, after
rectal administration, using NIR imaging IVIS. (G and H) Distribution of NPs through the
colon. Representative fluorescent microscopy images of transversal sections in different
segments of the colon, after 15 and 120 min of rectal administration of NPs. Green, blue,
and red signals are from Cy7.5 (associated with NPs), DAPI (nuclei), and CellMask™
Orange Plasma membrane Stain (cell membrane), respectively. Scale bars represent 100
pum. (I and J) Semi-quantitative assessment of the distribution and retention of NPs, based
on the transversal tissue section fluorescence analysis. All results are presented as mean
+ SD (n = 3). (*) denotes significant differences between mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs and (%) denotes significant differences between PLGA and mPEG-PLGA
NPs.

Figure 3.9. TED administration effect in DSS colitis-induced model. (A) /n vivo efficacy
experiments chronogram. (B) Representative colonoscopy images of healthy, disease, and
treatment animal groups. (C) Body weight change (%). (D) Survival rate (%). (E)
Histological images (H&E) of colonic samples from mice. (F) Disease score comparing
healthy and DSS-colitis-induced mice untreated and treated with TED. (G) Ki67
immunohistochemical analysis of the tested groups. (H) Pro-inflammatory cytokines
quantification in tissue. Data is represented as mean + SEM (n = 4 - 6). (*) denotes
significant differences between the healthy and the non-treated diseased groups, (¥)
denotes significant differences between the healthy and TED sc groups, (*) denotes
significant differences between the healthy and mPEG-TK-PLGA NPs groups, (*) denotes
significant differences between the healthy control and the mPEG-PLGA groups. (@)
denotes significant differences between the healthy control and the TED oral groups. (p <
0.05).



Figure A1 - Representation of the chemical reaction of the TK linker synthesis.

Figure A2 — Representative '"H NMR spectra of TK linker obtained in DMSO-d6

Figure A3 - Representative '"H NMR spectrum of mPEG-TK-PLGA co-polymer, dissolved in
DMSO-d6.

Figure A4 - ESI (-) MS spectrum depicting [M — H] — ion peaks of TK linker, dissolved in

acetonitrile.

Figure A5 - Morphological TEM characterization of PLGA, mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs, using two different magnifications (100 000X and 150 000X). White
arrows represent the PEGylation shell in both mPEG-TK-PLGA:PLGA and mPEG-PLGA

NPs. White bar scale means 100 nm.

Figure A6 - Stability of NPs over 24 h stored at 4 °C in both SGF and SIF. (A) Size presented
as hydrodynamic diameter, (B) polydispersity index, and (C) zeta potential. Two-way
analysis of variance was performed to compare multiple independent groups and the post
hoc test Tukey’s was used to compare the differences between those groups. Results are

presented as mean £ SD (n = 3)

Figure A7 — In vitro release profile of teduglutide from NPs, under (A) simulated gastric fluid
(pH 1.2) and (B) simulated intestinal fluid (pH 6.8), for 120 and 480 min, respectively.

Results are presented as mean + SD (n = 3).

Figure A8 - TED administration effect in DSS colitis-induced model. (A) Representative
images of colon length. (B) Effect of TED on colon length. All results are presented as mean

+ SEM (n = 4 - 6) (*) denotes significant differences from the non-treated diseased control

group.

Figure A9 - TED administration effect in DSS colitis-induced model. Representative images

of Ki67 immunostaining in colon tissues from different treatment groups.
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Chapter 1

1.1 Overview

Inflammatory bowel diseases (IBD), mainly composed of ulcerative colitis (UC) and Crohn's
disease (CD) are chronic inflammatory conditions affecting the gastrointestinal tract (GIT).
IBD presents a significant global health challenge due to its uncurable nature. Despite the
intensive research and development of medical therapies for IBD, the current treatments
often exhibit limitations such as lack of selectivity, low bioavailability, loss of efficacy over
time, and significant side effects. Glucagon-like peptide-2 (GLP-2) analogs exhibit
considerable potential in managing IBD by enhancing intestinal repair and attenuating
inflammation, through a mechanism that is still not fully understood. However, due to
enzymatic degradation and poor intestinal absorption, GLP-2 analogs are administered
parenterally, resulting in low adherence among patients. The use of nanotechnology can
offer a solution to overcome the pharmacokinetics and/or pharmacodynamics limitations of
conventional drug formulations, enhancing their therapeutic efficacy, and providing a more
precise and efficient treatment strategy. Accordingly, in this thesis, nanotechnology was
used to develop IBD-targeted nanoparticles (NPs) for the oral delivery of Teduglutide (TED),
a GLP-2 analog. This approach takes advantage of the overproduction of Reactive Oxygen
Species (ROS) in the IBD environment, to develop a cleavable-PEGylated strategy. PEG
plays a crucial role in crossing the mucus barrier. However, removing the PEG after mucus
transposition is imperative, as the removal is essential for enabling cellular internalization.
This de-PEGylation process is made possible by including a ROS-sensitive thioketal (TK)

linker within the system.

This thesis results from a collaborative work between the Institute for Research and
Innovation in Health (i3S) at the University of Porto (Portugal) and Ferring Pharmaceuticals

(Switzerland/Brazil).

The Nanomedicines and Translational Drug Delivery group (NTDD), at i3S, is led by
Professor Bruno Sarmento and focuses on the development of nanotechnology-based
systems and their applications in the pharmaceutical and biomedical fields. Moreover, the
group has a particular interest in the development and characterization of new oral drug
formulations to deliver peptides, aiming to improve their therapeutic efficacy. The NTDD
group is also focused on the development of engineering models for nanomedicine
validation as well as in vitro/in vivo correlation. Ferring Pharmaceuticals, and in particular,
Ferring Innovation Brazil focuses on improving existing products, changing their
formulation, production process, route of administration, or therapeutic indication, to

improve the patients' adherence and to have the best quality/cost balance.
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The established collaborations enabled the fulfillment of this thesis and the improvement of
my scientific knowledge while developing new IBD-target nanosystems for the oral delivery
of TED.

1.2 Aim and Specific Objectives

The main goal of this project was to develop an orally administered IBD-targeted
nanosystem, for the local delivery of TED. It was hypothesized that cleavable PEGylated
nanosystems, responsive to ROS, may present advantages over bare PLGA or covalently

linked PEGylated nanosystems for drug delivery to the inflamed epithelium.
The Specific Objectives of this work were:

(1) Develop and characterize cleavable PEGylated NPs encapsulating TED;
(2) Study the ROS-sensitiveness of the nanosystem;
(3) Study the interaction of cleavable PEGylated NPs with mucus and cells;

(4) Evaluate the biodistribution, bioavailability, and efficacy of cleavable PEGylated NPs
in relevant IBD animal models.

1.3 Thesis Structure

This thesis is organized into four chapters. Chapter 1 consists of a general overview of the
work, the specific objectives of the study, and the description of the collaborative entities
that supported the development of this thesis. Chapter 2 presents a literature review taking
into consideration the main problems addressed by this work — easy degradability and low
local concentration of peptides for the treatment of IBD, as well as the use of stimulus-
responsive nanosystems for targeted therapeutics. Chapter 3 describes the development
and characterization of ROS-sensitive NPs encapsulating TED, as well as the in vitro and
in vivo studies that were performed to assess the biodistribution, and efficacy of the
nanoformulation. Chapter 4 includes the overall conclusions of the work and several
possibilities regarding future studies. In the end, it is possible to find the appendix section
that contains support for Chapter 3, a resume of a study developed in parallel to this thesis.,

and the documents that support this thesis.
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Chapter 2 — Literature Review

21



Chapter 2

The information provided in this chapter was based on the following publication:

A.S. Barros, R. Nunes, B. Sarmento, Targeted therapeutics for IBD: unraveling the potential

of stimulus-responsive nanoparticles, (2024), in preparation.
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Chapter 2

2.1 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) encompasses a set of chronic inflammatory conditions
affecting the gastrointestinal tract (GIT) and is mainly composed of Ulcerative Colitis (UC)
and Crohn’s Disease (CD) [1].

The inflammation is usually characterized by abdominal pain, diarrhea, weight loss, and
bloody stools. Other indicators are the increase of pro-inflammatory cytokines, proteolytic

enzymes, and reactive oxygen species (ROS) production, due to the influx of immune cells

2].

The first reported case of IBD was published in 1859 by Wilks and Moxon [3] and the
increase of cases accompanied the increase of industrialization. After the Industrial
Revolution (1800), an intensification of the population in the cities occurred changing from
agricultural to manufacturing services, leading to a change in diet and lifestyle, called

Westernization.

Westernized countries are those with a dominantly Western European cultural heritage,
such as Western Europe, the United States, Canada, Australia, and New Zealand. They all
share the increased industrialization history [4]. Industrialization has been increasing all
over the world, leading to an increase in IBD incidence, emerging as a public health

challenge and representing a significant economic and quality of life burden [4, 5].

The most elevated incidence rates of IBD have been documented in Europe and North
America, with 5 per 100 000 cases in Norway (UC); 322 per 100 000 cases in Germany
(CD); 286 per 100 000 cases in the USA (UC), and 319 per 100 000 cases in Canada (CD)
[5]. Overall, 72.7 % of studies on CD and 83.3 % of studies on UC reported stable or
decreasing incidence of IBD. Although this stabilized incidence, the burden remains high

since its prevalence surpasses 0.3 %.

The treatment options for IBD do not offer a cure, and the goal of clinical management is to
achieve and sustain remission with medications and surgical interventions. Moreover, IBD
treatments are commonly associated with significant infectious and neoplastic side effects.
Consequently, this condition imposes a significant health and economic strain,
characterized by the necessity for prolonged medical supervision, considerable loss of
productivity, and costly medical treatments [6]. According to a cohort study, involving 20
European countries, the average cost per patient, per year was €3 542 (with a standard
deviation (SD) of €8 058) for CD patients, and €2 088 (SD €7 058) for UC patients.
Healthcare exhibited the highest cost in the first year following diagnosis and exhibited a

downward trend in subsequent years of follow-up. Over 50 % of the initial year's costs were
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attributable to hospital stays and diagnostic tests. Nonetheless, in the subsequent years,
there was a notable surge in spending on biological therapies, representing 73 % of the
total costs for CD and 48 % for UC by the end of the fifth year [7]. Park and colleagues [8],
estimated the financial burden associated with IBD management from insured patients in
the USA. An overview of the administrative claims data from commercial and Medicare
Advantage allowed the authors to ensure that the annual mean direct health care costs for
patients with IBD were, approximately $23 000, a 3-fold higher value than patents without
IBD ($7 000). The indirect costs were estimated to be $2 213 and $979 per year, for IBD
and non-IBD patients, respectively. As in Europe, the cost burden was most notable in the

first year after initial IBD diagnosis [8].

2.1.1 Diagnosis and Epidemiology of Inflammatory Bowel Disease

CD and UC, both forms of IBD, exhibit notable distinctions in epidemiological profiles,
clinical manifestations, endoscopic and histopathological findings, as well as disease
progression. The two conditions also give rise to distinct complications and require different

management strategies [9].

UC predominantly evolves in the large intestine, and its extent can range from proctitis to
pancolitis (Figure 2.1 A) [10, 11]. UC includes individuals across various age groups, with
the peak age of diagnosis typically falling between 15 and 40 years and with a fairly
balanced gender distribution. Clinical manifestations of UC frequently include blood in the
stool and diarrhea. Patients may commonly experience urgency, incontinence, fatigue,
mucus discharge, nocturnal defecations, and abdominal discomfort. Additional symptoms
may encompass fever and weight loss. The type and intensity of the symptoms can vary

depending on the severity of the disease [12].

Currently, there is no standard diagnostic for UC. The diagnosis relies on a combination of
colonoscopy, histopathological analysis, blood tests, fecal examination, and radiological
studies [11]. This condition of uncertain etiology is characterized by inflammation affecting
the mucosal and submucosal layers of the colon and rectum, culminating in the

development of ulcers [12].

The macroscopic appearance of the mucosa in UC also varies with both the extent of the
disease and its degree of activity [13]. Active inflamed mucosa is red, friable, and granular,
with the potential presence of deep ulcers, particularly in fulminant cases. However, these
features also raise concerns for other forms of colitis, including CD and indeterminate colitis

(IC). Inactive disease areas may appear grossly normal, although lately smooth and
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atrophic. Also, the ulceration of the adjacent mucosa can lead to nonneoplastic
inflammatory polyps and the formation of granulation tissue. These polyps can exhibit focal

or extensive distribution and often raise clinical suspicions of neoplasia [9, 13].

Histologically, UC presents architectural distortion of the mucosal lining of the colon.
Compared to the normal colonic mucosa, where the crypts are straight and tubular,
extending to the muscularis mucosae layer, in UC the crypts are irregular, with branching,
and do not extend to the muscularis mucosae layer. Another hallmark of UC is the presence
of plasma cells, such as eosinophils, aggregated deep in the mucosa. Other cells, such as
mast cells can also be found but are not able to be distinguished in hematoxylin and eosin
(H&E)-stained sections. The infiltration of Paneth cells beyond their normal location in the
cecum is another important hallmark in the diagnosis of UC. Paneth cells are specialized
secretory cells found in the small intestine, particularly in the terminal ileum, and play a
critical role in maintaining gut homeostasis. In the context of UC, the presence of Paneth
cells in areas of the colon beyond the cecum is indicative of chronicity and ongoing

inflammation.

Depending on the ability of the neutrophils to infiltrate the mucosae, UC can be mild,
moderate, or severe, showing in all types of disease, epithelial cells with mucin depletion
and regenerative changes that can be quite striking and may raise the possibility of
dysplasia [13-15].

Crohn’s disease, in turn, can affect any part of the GIT (Figure 2.1 B) and is characterized
by transmural inflammation in a discontinuous pattern [16]. CD mainly affects individuals
between 15 and 30 years old [17], and there are sex-specific differences in its incidence.
For instance, it was reported that in Europe and the USA, there is a higher prevalence of
CD in females than in males. However, in Asia, the opposite was observed. Also, in the
early stages of CD (in age <16 years), there is a higher male prevalence. Nevertheless,
females with ages between 25-29 or >35 years, have reported higher susceptibility to CD
compared with men with the same age. These findings are important parameters to consider

in the diagnosis of the disease [18].

The current diagnosis of CD relies on the patient's medical background and clinical
assessment, which is reinforced by serological, radiological, endoscopic, and histological
observations [17]. CD, as mentioned above, affects any part of the GIT, however, it can also
be limited to the colon and although it represents a chronic idiopathic inflammatory process

similar to UC, it has gross and microscopic characteristics that allow its distinction from UC.

Macroscopic features of CD consist of segmental and deep inflammation. CD can present

an abnormal serosal surface when there is transmural inflammation. The adipose serosal
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tissue is, sometimes wrapped around the external bowel wall, in a phenomenon called “fat
wrapping”. The CD is further characterized by developing strictures, fistulas, and
abscesses. The initial abnormality in CD is often the presence of small, focal (aphthous)
ulcers. Then, with the progression of the disease, it can result in the formation of longitudinal

and transverse ulcerations [9, 13].

Histologically, CD is characterized by focal inflammation, being possible to observe
microscopically, areas with neutrophils infiltrating individual crypts, and adjacent areas with
completely normal crypts. Also, the CD presents transmural inflammation. Since the
inflammation extends through all layers of the GIT wall, even in non-ulcerated regions, it
makes it possible to distinguish CD from UC. Another hallmark of this disease is the
presence of pyloric gland metaplasia, replacing intestinal crypts with gastric-type glands,
although it can occasionally occur also in UC. Neuronal hyperplasia in the submucosa is
also a feature of CD. The inflammatory processes may extend to blood vessels, leading to

“vasculitis”, occasionally exhibiting a granulomatous character [13, 15].
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Figure 2.1 — Clinical manifestations of Inflammatory Bowel Disease. (A) Ulcerative

Colitis: Proctitis is usually the mildest manifestation of UC and is limited to the rectum;
Proctosigmoiditis affects the lower portion of the colon as well as the rectum, but not so
extensively as Distal Colitis, and is occasionally referred to as the sigmoid colon; Distal
Colitis or Left-Side colitis affects the rectum and the left-side portion of colon; Pancolitis or
Extensive colitis can affect all colon; Toxic Colitis or Fulminant Colitis is a severe
complication of UC that can result in death. (B) Crohn’s Disease: lleitis affects only the
ileum; lleocolitis affects the ileum and the colon; Jejunocolitis affects the upper part of the
GIT, mainly the jejunum; Gastroduodenal Crohn’s Disease affects the stomach and the
duodenum; Crohn’s (Granulomatous) Colitis affects only the colon; Perianal Crohn’s cause

inflammation around the anus.
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2.1.2 Pathogenesis of Inflammatory Bowel Disease

IBD is considered an immune-mediated disorder, arising from multifaceted interactions
among genetics, environmental factors, and the gut microbiome. The pathogenesis of IBD
(Figure 2.2) is complex and remains inadequately understood, involving genetic
predisposition, defects in the integrity of the epithelial barrier, dysregulated immune
responses, gut microbiota disturbance, and environmental influences that collectively

contribute to the onset and progression of these conditions [19].

Genetics in IBD

Genetic predisposition to developing IBD has been intensively studied in the last decades.
Studies involving family groups have shown that 2-14 % of patients with CD and 7-11 % of
patients with UC share a family history of the same disease [20]. It is reported that first-
degree relatives of patients with CD have an estimated eight-fold higher risk of developing
IBD and this probability is just four-fold higher than first-degree UC relatives. Despite this,
having a family member with IBD is still the strongest known risk factor for developing IBD
(both CD or UC) [21]. Twin studies have also contributed to understanding the genetic and
environmental contributions to the etiology of IBD. In fact, a disease can be considered
entirely due to genes if its concordance between monozygotic twins approaches 100 % and
if the concordance between dizygotic twins approaches 50 %. On the other hand, if the
disease depends not only on the genetic background but also on environmental factors, the
concordance between monozygotic and dizygotic twins should be similar [22]. Tysk C., and
co-workers [23], developed the Swedish twin registry and first proved that IBD, particularly
CD was majority due to genetic risk factors. Other studies developed in large Europe, also
showed a higher concordance rate for CD between identical twins (20-50 %) than between
non-identical twins (less than 10 %) [20]. Lately on, closer analysis of the Swedish cohort
disclosed the possibility of determining genetically the disease phenotype in CD [22]. Also,
it has been possible to estimate the coefficient of heritability from family studies and
understand the IBD risk in family members. Advances in genome association studies
(GWAS) allowed the identification of multiple single-nucleotide polymorphisms (SNPs) and
have been used to calculate heritability [24]. Until now, more than 200 IBD susceptibility loci
have already been identified and 30 % of them, so far, are shared between CD and UC,
leading to the assumption that both diseases have common pathways. Most of the genes
and loci identified are associated with intestinal and cellular homeostasis (from the barrier

function to microbial defense and adaptative immunity) [20]. However, numerous obstacles

27



Chapter 2

persist as the recognized variants currently account for only a small portion of genetic risk.
Considering the large pool of potential candidate genes with low-risk scores, the potential

for intervention and translation is still in its early stages [25].

Nucleotide-binding oligomerization domain containing 2 (NOD2), located on the short arm
of chromosome 16, was the first CD susceptibility gene identified. NOD2 is a cytosolic
receptor that belongs to the NOD-like receptor (NLR) family and can detect conserved
motifs in bacteria peptidoglycan and activate the innate immune system. NOD mutations
such as Arg702Trp, Gly908Arg, and Leu1007fsX1008, are associated with NOD loss of
function, leading to a reduced responsiveness capability and enabling bacteria invasion and

abnormal mucosal immune response, which causes chronic inflammation [20, 26].

GWAS have also identified more than 130 UC susceptibility loci, describing an association
of these loci with the major histocompatibility complex (MHC) genes, particularly with
DRB1*0103 and DRB1*15 genes.

Although there is a strong impact of genetics in IBD pathogenesis, it is estimated that the
already identified genes only explain 20-25 % of all IBD cases. Also, some of these variants
were found in healthy individuals, reinforcing the pathophysiological complexity of IBD and

the role of epigenetic and environmental factors [20].

Environmental factors

IBD is a complex disease depending on genetic and non-genetic parameters.
Environmental factors, such as diet, smoking, stress, and mental health, have been studied
and considered risk factors for IBD [27]. Diet. It is common knowledge that diet directly
affects the gut microbiota, and its capability to synthesize metabolites, leading to mucosal
damage, and impacting immune regulation. In a study with healthy volunteers [28], a
change to a high-fat and low-protein diet led to a noticeable change in the gut microbiota,
in just 24 h and persisted over the 10 days of the study. The intensive studies on diet and
its impact on IBD development highlight the importance of increasing fiber consumption and
reducing red meat and soft drinks intake [29]. Actually, in a study from the Nurses’ Health
Study (NHS) [30], involving 122 701 nurses, who were asked to report their dietary routine,
it was possible to associate the low intake of fibers and the increased risk of developing CD.
On the other hand, the consumption of high animal protein was associated with the risk of
developing both CD and UC, in large prospective cohort studies [31, 32]. Other works
suggest that a diet with high hemoglobin from red meat, led to the production of ROS,

increasing the mucosal damage [20]. Lastly, the consumption of soft drinks was also
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associated with an increased risk of developing IBD [33, 34]. Curiously, tea consumption
seems to decrease the risk the risk of developing CD [33]. Smoking. Tobacco consumption
is one of the strongest and most complex environmental risk factors of IBD since it has
different behaviors on UC and CD. Recent studies demonstrated that cigarette smoking can
have a protective profile in UC, in a dose-dependent manner, and an aggressive and
detrimental profile in CD [35]. The mechanisms underlying this complexity involve changes
in both humoral and cellular immunity, changes in cytokines and eicosanoid levels,
permeability, and blood flow [36]. Genetic factors and ethnicity seem also to be behind this
complexity, with most associations being observed in non-Jewish white individuals [35, 37].
Interestingly, CD patients who smoke, have shown an increased number of lymphocytes
and pro-inflammatory cytokines, having more clinical relapses and being less responsive to
treatments, compared to non-smoking CD patients [38, 39]. Stress and mental health.
Stress represents a multifaceted challenge impacting not only behavior and mental health
but also the function of visceral organs, such as the digestive system [40]. The lack of sleep
and physical inactivity affect the gut-brain axis, modifying the intestinal mucosal
permeability and cytokines secretion [20, 41]. Stress, anxiety, and depression can trigger
mild, persistent inflammation in the gut. The vagus nerve believed to possess anti-
inflammatory properties is affected by stress, leading to reduced anti-inflammatory signaling
and heightened sympathetic nervous system activity, ultimately impairing immune function
and promoting gut inflammation [41]. Animal studies indicate that stress increases intestinal
permeability, allowing bacteria to surpass the intestinal barrier and activate immune
responses in the gut [42]. Similarly, in humans, depression is associated with elevated levels
of inflammatory markers such as TNF-a and CRP [41]. Moreover, patients with IBD
exhibited a three-fold higher incidence of depression compared to the general population
[43].

Gut microbiome

The gut microbiota is a dynamic ecosystem composed of bacteria, archaea, viruses, and
fungi. Over 90 % of the resident bacterial species are predominantly allocated among four
principal phyla: Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria, being the
first two, the more abundant in a healthy host [44]. Despite this taxonomic commonality,
there exists a pronounced inter-individual variation in microbial composition within these
overarching phyla. This microbial ecosystem has a symbiotic relationship with the human
host, receiving a nutrient-dense environment and residency for the microbiota and

performing essential functions such as nutrient metabolism, protection against pathogens,
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and modulation of the host immune system. In a healthy state, gut microbiota functions akin
to a homeostatic organ, engaging in the breakdown of complex, undigestible polysaccharide
polymers, generating short-chain fatty acids (SCFAs), synthesizing vitamins, contributing to
energy metabolism, ensuring the integrity of the intestinal mucosa, and inhibiting the
colonization of pathogenic microorganisms. Moreover, specific commensal gut microbiota
demonstrated unique and precise influences on the host immune system, playing a crucial
role in maintaining immune equilibrium [44, 45]. Therefore, it seems reasonable that
perturbations in the gut microbiota composition, or dysbiosis, would have a significant
impact on the dysregulation of the intestinal immune response, catalyzing the pathogenesis
of IBD [20]. Dysbiosis engenders a disruption in the symbiotic bond between the gut
microbiota and the host, culminating in an immune dysregulation that favors the emergence
and perpetuation of chronic intestinal inflammation characteristic of IBD [44]. Overall, this
dysbiosis is characterized by the increase of pro-inflammatory microbiota as
Enterobacteriaceae, Fusobacterium, and Ruminococcus, and a depletion of anti-
inflammatory microbiota, such as Clostridium groups, Bacteroides, Bifidobacterium, and
Faecalibacterium prausnitzii [20]. These differences in the gut microbiota appear to be more
pronounced in CD than in UC, where the microbiota resembles that of a healthy individual
[44]. The gut microbiota facilitates the recruitment of various lymphocyte subsets to the
mucosal region, specifically influencing the modulation of regulatory T cells (Tregs) and T
helper (Th) cells [20]. The equilibrium between Th17 and Treg cells, known for their roles in
producing pro-inflammatory and anti-inflammatory cytokines respectively, is essential for
maintaining the host's intestinal balance and is significantly influenced by the composition
of the normal gut microbiota [45]. Experimental evidence, particularly from murine models,
delineates the role of specific microbial taxa in influencing this balance. Segmented
filamentous bacteria (SFB), for instance, have been shown to augment the secretion of pro-
inflammatory cytokines pertinent to Th1 and Th17 cells, thereby intensifying inflammatory
pathways intrinsic to IBD [46]. In contrast, bacterial rate from the Clostridium and
Bacteroides groups, are recognized as potent inducers of anti-inflammatory responses and
facilitators of Treg cell proliferation [47]. Additionally, distinct bacterial antigenic
determinants, such as the retinoic acid synthesized by Clostridium clusters IV and XlIVa,
and polysaccharide A from Bacteroides fragilis and Faecalibacterium prausnitzii, have been
implicated in eliciting immune responses that foster the accumulation of Treg cells, thereby
mitigating colonic inflammation [48, 49]. The elucidation of these microbial-immune
interactions underscores the profound influence of the gut microbiota's composition on the
pathogenesis of IBD. The recognition of the gut microbiota's central role in IBD
pathogenesis has opened new avenues for therapeutic interventions aimed at restoring

microbial balance. Treatments such as fecal microbiota transplantation (FMT), probiotics,
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prebiotics, and diet modification strategies seek to re-establish a healthy microbiome and
thereby ameliorate IBD symptoms [45]. Moreover, understanding the specific microbial
species and metabolites involved in IBD pathogenesis holds promise for the development
of targeted therapies that can modulate the microbiome or its metabolic outputs to prevent
or treat IBD.
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Figure 2.2 — Hypothetical model of Inflammatory Bowel Disease development and
progression. Under normal conditions, the gut microbiome generates beneficial
metabolites that help the maintenance of the mucosal barrier. Due to the influence of
genetic, environmental, and/or immune factors, a Pre-Disease state occurs. At this stage,
some commensal microbiomes become pathobionts adapting better to an environment
marked by immune responses, a weakened barrier, reduced mucus, and other contextual
factors. As the disease evolves, patients reach the Initial Disease marked by evident
mucosal damage and active inflammation. The population of commensal bacteria drastically
declines as pathobionts increase. Consequently, the microbiota produces fewer beneficial
metabolites. If the disease persists, it progresses to a Chronic Disease characterized by
ongoing inflammation. This sustained inflammation and prolonged dysbiosis result in an
immune imbalance and hinder mucosal recovery, perpetuating a cycle of chronic

inflammation and dysbiosis. Created with BioRender.com
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2.2 Inflammatory Bowel Disease treatment

The treatment of IBD presents several changes due to the lack of complete knowledge of
IBD pathophysiology and inter-individual differences. The management of IBD aims to
achieve and maintain remission, improve quality of life, and prevent complications.
Treatment modalities include pharmacological therapy, nutritional support, surgical
procedures, and, more recently, the incorporation of biological and small molecules
therapies as well as targeting systems. Conventional pharmacotherapy consists of the use
of aminosalicylates, corticosteroids, immunomodulators, and biologics, with other measures
and/or surgery (Figure 2.3) [50]. These agents are selected based on disease severity,
location, and the patient's previous response to treatments. The management options are
also dependent on whether the diagnosis is CD or UC [51-53]. For severe or refractory
cases, biologic therapies such as tumor necrosis factor (TNF) inhibitors, integrin blockers,
and interleukin inhibitors have transformed the treatment landscape by targeting specific
components of the immune system involved in the inflammatory process. However, there is
a significant proportion of patients who do not respond or lose the responses after one year
of treatment, and their use is also associated to high costs, injection or infusion
requirements, and risks of serious side effects [50, 54]. Surgical intervention, in turn, carries
the risks of postoperative complications and can significantly impact the patient's quality of
life [55]. Moreover, none of these treatments offer a cure, and the chronic nature of IBD
requires ongoing management, contributing to a substantial burden on patients' physical

and mental health.

2.2.1 Aminosalicylates

Aminosalicylates or 5-Aminosalicylates (5-ASA) compounds, hold a pivotal role in the
treatment of IBD, particularly for inducing and maintaining remission in UC [56, 57]. Its
impact on CD is more limited, but it is reported that 5-ASA can be used to treat patients with
mild to moderate colonic CD, even though the oral administration of 5-ASA did not show
consistent mucosal healing compared to the placebo [20, 58]. The mechanism by which
aminosalicylates mitigate inflammation in the GIT is multifaceted and not completely
understood, involving the inhibition of cyclooxygenase and lipoxygenase pathways, thereby
reducing the production of pro-inflammatory mediators such as prostaglandins and
leukotrienes. Additionally, 5-ASA compounds have been shown to scavenge free radicals
and inhibit nuclear factor-kappa B (NF-kB), further dampening the inflammatory response

[50, 59, 60]. 5-ASA-based drugs include sulfasalazine, olsalazine, balsalazide, and
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mesalazine [61]. Sulfasalazine is composed of 5-ASA and sulphapyridine by diazo bonding.
In the treatment of IBD, sulfasalazine acts as the prodrug, sulphapyridine is the carrier, and
5-ASA is the active part [50]. It was first used for the treatment of rheumatoid arthritis in the
late 1930s and its benefits for treating IBD were uncovered because, in certain cases,
patients treated with sulfasalazine were also diagnosed with UC and experienced a notable
reduction in disease activity, leading to a state of decreased inflammation. Subsequent
metabolic research indicated that sulfasalazine undergoes absorption in the small intestine
and is later re-secreted into the bile. The azo linkage within the molecule is cleaved by
azoreductase enzymes produced by colonic bacteria, resulting in the liberation of
sulfapyridine and 5-ASA [62]. The sulfapyridine moiety has been implicated in adverse
reactions such as sulfapyridine intolerance and allergic manifestations, including fever,
nausea, vomiting, headache, angioedema, and diarrhea. Consequently, its use has seen a
decline in favor of other therapeutic agents that do not yield sulfapyridine as a metabolite
[61]. Olsalazine and balsalazide are second-generation azo-bonded 5-ASA, that do not
contain sulfapyridine. Their adverse effects are notably lower compared to those observed

with sulfasalazine [63].

2.2.2 Corticosteroids

Corticosteroids have been used in the treatment of IBD for over 70 years, since the 1950s.
These molecules are effective in inducing remission in IBD patients, when a flare occurs
but are not able to maintain this remission [64]. Their potent anti-inflammatory effects are
mediated through the inhibition of multiple inflammatory pathways and the suppression of
the immune system, which is central to the pathophysiology of IBD. Upon administration,
corticosteroids bind to the glucocorticoid receptor in the cytoplasm of all human cells. This
binding leads to the receptor activation that gets into the nucleus and acts by regulating
gene expression via direct binding of glucocorticoid-responsive elements on DNA or by
tethering itself to other transcription factors [64]. Also, activated glucocorticoid receptors
can have the ability to attach to distinct response elements located within the promoter
regions of anti-inflammatory genes inside the nucleus, thereby controlling the expression of
these genes [50]. Additionally, the anti-inflammatory action of corticosteroids may be
facilitated through various membrane-bound receptors. This broad anti-inflammatory action
helps to rapidly decrease intestinal inflammation, alleviate symptoms, and induce remission

in patients experiencing acute flares of IBD.
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Corticosteroids might be considered a treatment option for individuals with UC who do not
show a response to mesalazine within a timeframe of 2 to 4 weeks, as well as for patients

experiencing mild-to-moderate CD, particularly in cases involving extensive lesions [65].

Despite their effectiveness, the long-term use of corticosteroids is limited by a well-
documented profile of adverse effects. These can range from relatively mild symptoms,
such as weight gain, acne, and mood changes, to more severe complications including
osteoporosis, hypertension, diabetes, and increased susceptibility to infections. Due to
these potential side effects, corticosteroids are typically prescribed for short-term use only,
aimed at quickly controlling disease activity before transitioning the patient to safer, long-

term maintenance therapies [57].

Second-generation oral corticosteroids, like budesonide, might offer a superior safety and
tolerability profile compared to ftraditional corticosteroids. The targeted delivery of

budesonide directly to the inflammation site can diminish systemic adverse effects [66].

2.2.3 Immunomodulators

Immunomodulators, including thiopurines, methotrexate, calcineurin inhibitors, and Janus
Kinase (JAK) inhibitors, are important tools, with a well-established role in the treatment of
IBD [50, 67], each with distinct mechanisms of action but with the common goal of

dampening the hyperactive immune response characteristic of IBD.

Thiopurines

Thiopurines, such as azathioprine, and 6-mercaptopurine are, respectively, a prodrug and
drug widely used for remission maintenance in the treatment of IBD [67-69]. Although
thiopurines are used in both CD and UC, long-term analysis of the effect of thiopurines as
monotherapy for the remission maintenance in IBD, showed a higher and significant effect
of these drugs in UC patients but a less effect in CD patients [70]. Thiopurines are also
considered effective in steroid-dependent or steroid-refractory disease, allowing for steroid-
sparing and, in some cases, complete steroid withdrawal, thereby reducing the risks
associated with long-term corticosteroid use [68-70]. Furthermore, when used in
combination with biologics, thiopurines can enhance the response to treatment and reduce
antibody formation against biologic therapies, highlighting their synergistic potential in CD

and UC management [69].
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IBD environment is marked by the infiltration of activated T lymphocytes into the inflamed
regions of the intestinal mucosa, where they release numerous cytokines, exacerbating the
inflammation [50]. Thiopurines, initially inactive as 6-TP prodrugs, are converted into the
active metabolite deoxy-6-thioguanosine phosphate (deoxy-6-TGNP) through metabolic
processes. Deoxy-6-TGNP disrupts DNA synthesis, restricting the proliferation of T
lymphocytes. Furthermore, deoxy-6-TGNP can attach to Rac1, creating a deoxy-6-TGNP-
Rac1 complex that inhibits Rac1 activation in T lymphocytes, thereby impeding their survival
and functionality [50, 71].

Despite their benefits, the use of thiopurines has some drawbacks. The onset of their
therapeutic effect is slow, often taking several months to achieve full efficacy, and is
associated with some side effects such as bone marrow suppression, hepatotoxicity,
myelotoxicity, pancreatitis, gastrointestinal intolerance, etc. [50, 68]. Studies have indicated
that 39 % of individuals with IBD, cease thiopurine therapy due to adverse effects, the
majority of which manifest within the initial three months of treatment [72]. Consequently,
the use of immunomodulators in the therapeutic regimen for IBD has diminished, largely

attributed to apprehensions regarding negative drug responses.

Methotrexate

Methotrexate is a folic acid antagonist used for maintaining clinical remission, as a second-
line immunomodulator and steroid-spare drug as an alternative treatment for patients who
cannot tolerate thiopurines or for whom thiopurine therapy has been unsuccessful [73].
Methotrexate showed good effects in inducing and maintaining remission in CD patients
[74, 75], however, it is not recommended for UC patients [76-78]. This immunomodulator
exerts its anti-inflammatory effects in IBD through various mechanisms. Its polyglutamate
metabolites act by reversibly inhibiting dihydrofolate reductase, which leads to the
suppression of folate-dependent enzymes ultimately leading to the impairment of leukocyte
proliferation. Additionally, methotrexate decreases the levels of pro-inflammatory cytokines
such as IL-1, IL-6, IL-8, and leukotriene B4, which collectively result in reduced pro-
inflammatory cellular signals. Moreover, at low doses, methotrexate impedes cellular
transmethylation reactions essential for the synthesis of immunoglobulins [71, 78]. This
effect may reinforce methotrexate's utility in maintaining immunogenicity, particularly when
employed in combination therapy, showcasing its multifaceted role in moderating
inflammatory responses within the gastrointestinal environment [79, 80]. Despite its
benefits, the use of methotrexate is also associated to several adverse effects, such as

fatigue, nausea, vomiting, diarrhea, hypoalbuminemia, peritoneal abscess, hepatotoxicity,
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bone marrow suppression, increased susceptibility to infections, requiring regular

monitoring of liver function and blood counts during treatment [50, 76, 81].

Calcineurin inhibitors

Calcineurin inhibitors, composed of cyclosporine A, and tacrolimus, represent a distinct
class of drugs used in the treatment of IBD, especially for ulcerative colitis and, to a lesser
extent, Crohn's disease [82]. These immunomodulators are usually used to induce
remission in severe UC patients who do not respond to corticosteroids and otherwise would
have to undergo colectomy. The ability of these drugs to sustain remission is limited, being
primarily used as interim treatments until other maintenance medications, such as
thiopurines, become fully effective [83]. Calcineurin inhibitors bind to specific proteins in the
T-lymphocytes cytoplasm (cyclosporine to cyclophilin, and tacrolimus to FK506-binding
protein), forming complexes that inhibit the nuclear factor of activated T cells (NFAT) a
protein phosphatase dephosphorylation, leading to the suppression of transcription and
production of many cytokines involved in the inflammatory processes underlying IBD.
Interestingly, these pharmacological inhibitors of NFAT seem to affect additional

transcription factors found in activated T cells, such as NF-kB [84, 85].

Janus Kinase inhibitors

Janus kinases (JAKs) are intracellular tyrosine kinases that play a crucial role in the
signaling pathways of cytokines and growth factors involved in hematopoiesis, immune
development, and inflammation [86]. There are essentially, four intracellular tyrosine
kinases: JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2), alongside seven transcriptional
activators, including signal transducers and activators of transcription (STATs) [87]. The
pathway is activated when cytokines bind to their respective receptors, leading to the
phosphorylation of JAKs. This phosphorylation triggers the activation of STATs, which then
translocate to the nucleus to influence gene expression related to cell proliferation,
differentiation, and inflammatory responses. Notably, IL-6, IL-12, and IL-23 are crucial in
driving the pathogenic activity in IBD. Specifically, IL-6 is regulated by JAK1, JAK2, and
TYK2 through the STAT3 pathway, IL-23 is influenced by JAK2 and TYK2 through the same
pathway, and IL-12 is modulated by TYK2 via the STAT4 pathway [87, 88]. The inhibition of
the JAK/STAT signaling can completely block the inflammatory cascade [88].
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JAK inhibitors are orally administered small molecules known for their quick onset of action
and non-immunogenic nature. They work by blocking the adenosine triphosphate-binding
site within the JH1 domain of JAK tyrosine kinases, which leads to the inhibition of the JAK-
STAT signaling pathway, reducing the production of inflammatory cytokines and thereby
mitigating the inflammatory response associated with IBD [86]. This class of small drugs is
usually used to induce and maintain remission in both UC and CD patients, who have not
responded adequately to conventional therapies such as corticosteroids,
immunomodulators, or biologicals targeting specific cytokines [87]. The first JAK inhibitor
approved for the treatment of moderate-to-severe UC was Tofacitinib [89]. It has shown
efficacy regardless of prior TNF inhibitor treatment, although it has been less effective for
CD [90, 91]. The efficacy of other JAK inhibitors in treating IBD is also being investigated.
Despite the therapeutic benefits, safety concerns persist with JAK inhibitors, since they
have been associated with side effects ranging from minor to serious, including non-severe
instances of herpes zoster infection. Given their recent development, the long-term risks of

these medications are still under evaluation [87].

2.2.4 Biologics

Biologics primarily consist of inhibitors that target pro-inflammatory cytokines and
antagonists that block integrin functions. Key pro-inflammatory cytokines such as TNF-a

and IL-12/23 are crucial in driving the pathogenesis of IBD [50].

Anti-Tumor Necrosis Factor

Anti-tumor necrosis Factor (Anti-TNF) a drugs are biological therapies that work by
neutralizing TNF-a. TNF-a is a cytokine that plays a pivotal role in inflammation and immune
system activation within the GIT. Therapeutic anti-TNF a drugs, such as Infliximab,
Adalimumab, and certolizumab, function by mitigating the inflammatory reactions and tissue
damage linked with TNF-a [50]. Infliximab is a chimeric IgG immunoglobulin that targets
TNF and was the first approved biologic for both UC [92] and CD [93]. It is used usually in
patients who are intolerant or do not respond to corticosteroids or immunomodulators [50].
Infliximab has a half-life of 14 days and is administered both intravenously based on patient
weight, typically every 4-8 weeks after an initial loading phase (0-2-6 weeks) [94], or
subcutaneously (every 2 weeks, for maintenance) [95]. Clinical trials and real-world studies
have demonstrated that infliximab is highly effective in achieving clinical remission and

improving the quality of life for many patients with IBD [96, 97]. It has also been shown to
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be beneficial in preventing complications such as fistulas in Crohn's disease, reducing
hospitalizations, and decreasing the need for surgical interventions [98, 99]. However,
despite its efficacy, up to 30 % of patients do not experience clinical improvement after the
induction phase, a phenomenon known as primary nonresponse. Additionally, up to 50 %
of patients eventually discontinue the treatment due to a secondary loss of response or

serious adverse events such as infusion reactions, infections, and malignancies [100].

Following the introduction of infliximab, adalimumab was also approved for the treatment of
IBD and added certain advantages regarding infliximab due to its subcutaneous
administration, allowing patients to have a more normal life [20]. Adalimumab is a
humanized anti-TNF drug and demonstrated to be efficient in promoting both the induction
and maintenance of remission in patients with CD and UC, through the CLASSIC 1 and 2
[101, 102] and ULTRA 1 and 2 studies [103], respectively. However, as happened with the
use of infliximab, after initially successful induction therapy, some patients will experience a

diminishing of therapeutic effects, and lose the response to the therapy [104].

Overall, anti-TNF a therapy does not benefit all patients. Approximately 40 % of patients do
not respond to TNF inhibitors initially, and about 23—46 % of patients undergo secondary
loss of response one year after starting anti-TNF-a treatment [105]. Strategies such as dose
escalation [106], reducing the time between infusions [107], or employing combination
therapy might enhance the possibility of achieving long-term remission [108]. Given the
dose-dependent efficacy of anti-TNF agents, it is recommended to monitor serum trough

levels and the presence of anti-drug antibodies to optimize treatment effectiveness [50].

Anti-integrin therapy

Integrins are a family of af heterodimeric receptors, expressed by immune cells, able to
bind to a variety of ligands in both normal physiological processes and pathological
conditions [109]. In IBD, integrins can bind to tissue-specific cell adhesion molecules (CAM)
to mediate leukocyte trafficking from circulation or lymphoid tissue to specific peripheral
tissue including the GIT [110]. Because substantial lymphocyte accumulation in the lamina
propria is a distinctive pathological and histological trait in IBD, targeting the migration of T
cells to the gut has emerged as a novel and promising therapeutic strategy for those
suffering from IBD [111].

Anti-integrin therapies target the leukocyte recruitment of the inflammatory cascade [20].
The most well-known anti-integrin therapy in the context of IBD is vedolizumab, which

specifically targets the o437 integrin. This integrin is primarily involved in guiding leukocytes
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to the intestinal mucosa and associated lymphoid areas. This targeting, or homing, of
leukocytes specific to the intestine is driven by the interaction between the o437 integrin
and the mucosal address cell adhesion molecule-1 (MAdCAM-1), a receptor that is
significantly increased in the intestinal veins of patients suffering from both UC and CD
[110]. Vedolizumab blocks the binding of the a4B7 integrin to MAdCAM-1, thereby halting
the migration of lymphocytes to intestinal tissues and consequently reducing local intestinal
inflammation [112]. Clinical trials have demonstrated the efficacy of vedolizumab in both
inducing and maintaining remission in patients with moderate to severe IBD who may not
have responded adequately to conventional therapies such as corticosteroids or TNF-a
inhibitors [113-115]. It is particularly noted for its gut-selective mechanism, which limits its
effects to the intestine, thereby reducing potential systemic side effects and making it a

safer option for long-term use [116].

Etrolizumab is a monoclonal antibody that binds the B7 subunit of the a437 and aER7
integrins. As vedolizumab, the binding ability of etrolizumab to a47 will inhibit its binding to
the MAdCAM-1. Its second action, the binding ability to the aER7 integrins, inhibits its
binding to the E-cadherin present in the intestinal mucosa, leading to a reduction in
inflammation and an increase in the retention of leukocytes within the intraepithelial space
of the intestinal mucosa, contributing to the alleviation of IBD symptoms [110]. A
randomized, double-blind, placebo-controlled phase 2 study showed that etrolizumab was
more effective than placebo in inducing clinical remission by week 10 in patients with
moderate-to-severe UC [117]. Further evidence from ongoing phase 3 clinical trials supports
the effectiveness of this integrin-inhibitor over a placebo in inducing remission in this patient
group. However, its ability to maintain remission still requires confirmation. To date, no

significant safety concerns have been identified with the use of etrolizumab [118].

Interleukin inhibitors

IL-12 and IL-23 cytokines are critical in the differentiation and proliferation of T helper cells
and innate lymphoid cells. Both cytokines share a common p40 subunit that pairs with either
a p35 subunit to form IL-12 or a p19 subunit to form IL-23. Preclinical models have
highlighted the significant role of the p40 subunit in promoting intestinal inflammation.
Furthermore, GWAS studies have identified that genetic variations in the IL-23 receptor
gene and the locus containing the gene for the p40 subunit are linked to an increased

susceptibility to developing IBD [119].
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Ustekinumab is a monoclonal antibody that targets the p40 subunit of both IL-12 and IL-23
cytokines, inhibiting their binding to the respective receptors in T cells, natural killer cells,
and antigen-presenting cells [120]. It was approved for the treatment of moderate to severe
CD in 2016 and for moderate to severe UC in 2019. Its use is generally well-tolerated, with
a lower incidence of side effects compared to other immunosuppressants, which enhances
its appeal as a long-term treatment option [121]. The specific targeting of interleukins 12
and 23 also means that these drugs might have a more focused impact on the immune
system, potentially reducing the risks of broad immunosuppression seen with other
treatments. This makes them particularly valuable for patients who may be at higher risk of

infections or other complications from more generalized immune suppression.

The IM-UNITI study and long-term extension evaluated the efficacy and safety of the
subcutaneous use of ustekinumab in CD patients and, showed the ability to maintain clinical
response and remission, for five years [122]. Also, a phase lll study targeting moderate-to-
severe UC, demonstrated the efficacy of ustekinumab in inducing a response at week 8 and
sustaining clinical benefits up to 52 weeks. This trial included patients who previously had
insufficient responses or experienced intolerable side effects from treatments such as

corticosteroids, immunomodulators, anti-TNF agents, and vedolizumab [123].

Despite their high specificity, efficiency, and low toxicity, biological agents come with a high
cost. Additionally, issues such as primary non-response, secondary loss of response, and
intolerance to therapy in the treatment of IBD with biologics have prompted researchers to

actively seek alternative treatments [50].

2.2.5 Surgical treatment

Surgical intervention is a critical component in the management of IBD. Surgery is used in
patients with UC and CD when medical therapies fail to control symptoms or in cases of
complications such as strictures, fistulas, or severe bleeding. It aims to remove diseased
sections of the GIT, alleviate symptoms, and improve quality of life. With the development
of new therapies, between 2010 and 2017, the need for surgery decreased from 10 to 8 %
in CD and 7.7 to 7.5 % in UC [124].

In UC, the need for surgery often arises from complications such as severe bleeding,
intractable disease, or the onset of life-threatening conditions like toxic megacolon [125,
126]. Surgical treatments like total proctocolectomy with ileal pouch-anal anastomosis
(IPAA) are common and aim to remove the disease up to the anal transition zone,

maintaining a normal defecation pathway, potentially curing the patient and eliminating the

40



Chapter 2

risk of colorectal cancer. However, the need for a second surgery close to the diverting loop
ileostomy, the continuous monitoring of the remaining anal transition zone, and persistent
management of bowel function constitute major disadvantages of this treatment option
[127]. Besides this, IPAA is commonly associated with an increased risk of infertility and
sexual impairment [128, 129]. In childhood, IPAA is also associated with a greater chance

of stricture development [130].

For CD, surgical treatment is more complex due to this disease's nature to affect any part
of the GIT and its tendency to recur after surgery. Common indications for surgery in CD
include obstruction, fistulas, abscesses, and severe disease not responsive to medication
[124]. Conventional and unconventional surgical techniques for managing strictures
demonstrate morbidity and recurrence rates akin to those observed with resection,
underscoring their importance in preserving intestinal length for selected patients [131]. The
ECCO guidelines advocate for the excision of visibly diseased bowel with an anastomosis
configured according to surgical preference, though emerging techniques may influence
future decisions on resection margins [132]. The management of acute, penetrating CD is
particularly complex, and percutaneous drainage is recommended to manage local sepsis
temporarily, facilitate the transition to surgery, and reduce the likelihood of stoma formation.
Effective management of CD requires meticulous coordination and communication among
gastroenterologists, surgeons, and patients, emphasizing strategies that mitigate morbidity
and optimize quality of life in a condition that remains incurable [131]. Unlike UC, surgery in
CD is not curative, and the disease may recur at or near the site of the previous surgery
[133].

Both conditions require a nuanced approach to surgical management, tailored to the
individual's disease severity, location, complications, and response to previous treatments.
Surgical decisions in IBD must carefully consider the timing, type of surgery, and potential

postoperative outcomes.
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Figure 2.3- Conventional treatment options for Inflammatory Bowel Disease, both

Ulcerative Colitis and Crohn’s Disease. Adapted from [11].

2.2.6 Peptides for the treatment of IBD

The use of peptides as therapeutics has been increasing in the last few years, with over 80
FDA-approved peptides and hundreds more undergoing preclinical or clinical trials. This
reflects the advantages of peptides, which include high potency and selectivity for
therapeutic targets compared to traditional small-molecule drugs. This efficacy largely
stems from their larger size, which allows for more extensive binding interactions with target
receptors, enhancing both affinity and selectivity [134]. Peptides effectively bridge the gap
between small molecule therapeutics, (<500 Da), and larger protein-based biologics,
(>5000 Da) [135]. While biologics offer excellent specificity and potency, they usually lack
oral availability and tend to be more expensive. Peptides, on the other hand, combine the
cost benefits of small molecules with the potency of biologics [134]. They also hold the
promise to target previously 'undruggable' classes of targets, such as protein-protein
interactions within the intracellular space, opening new pathways for therapeutic

interventions [136].

The use of peptides in the treatment of IBD represents a promising frontier in the quest for
more effective and targeted therapies. These peptides, with their diverse biological
activities, offer mechanisms of action that differ markedly from traditional pharmaceuticals,

directly targeting the underlying processes of the disease.
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In the last years, several peptides have been proposed as potential candidates for IBD
treatment, including the cathelicidin peptide LL-37 [137-140], the chromogranin-A derived
neuropeptide Chromofungin (CHR: CHGA47-66) [141, 142] and GLP2-analogs [143, 144].
Their therapeutic actions rely on multiple functions including, immune regulation and

microbial management.

Although the use of peptides offers higher potency and targeted therapeutic options for IBD,
they come with notable disadvantages such as poor stability in the GIT, low bioavailability,
and rapid clearance from the body. Moreover, the necessity for injection rather than oral

delivery, can reduce patient compliance [134].

2.3 Glucagon-like peptide 2 as a potential active for the treatment of Inflammatory
Bowel Disease

Glucagon-like peptide-2 (GLP-2) is a 33 amino acid (aa) proglucagon-derived peptide,
primarily produced by the enteroendocrine L cells, in the small intestine and colon [145].
This peptide has intestinotrophic and anti-inflammatory properties and has demonstrated
potential in enhancing intestinal blood flow, increasing nutrient absorption, stimulating
epithelial cell proliferation, reducing apoptosis, and decreasing intestinal permeability [146,
147]. In fact, GLP-2 was able to reduce inflammation and disease severity, mitigate mucosal
damage, and decrease mucosal cytokine production after intravenous administration to rat
models of colitis [148]. The physiological actions of GLP-2 are mediated through a specific
G-protein-coupled receptor found on enteroendocrine cells, enteric neurons, and
subepithelial myofibroblasts in the gut [145, 149]. While it is still being investigated whether
GLP-2 acts directly on enterocytes or through enteroendocrine cell activation, its role in
modulating immune responses in the gut is clear. In conditions like UC and CD, endogenous
serum GLP-2 levels are often elevated, possibly reflecting an adaptive response to mucosal
injury. Research indicates that GLP-2 can modulate immune cells, reducing TNF-a
expression in macrophages and enhancing the presence of TGF3-expressing CD4+ T cells,

which are crucial for maintaining intestinal homeostasis and managing inflammation [150].

However, GLP-2 has a short half-life in circulation (7 minutes) [151], a result of rapid renal
clearance and degradation by the enzyme dipeptidyl peptidase-IV (DPP-1V). GLP-2
analogs, with a single aa modification and longer half-live have been developing [152].
Teduglutide (TED) is a GLP-2 analog that contains a single amino acid substitution at the
second position of the N-terminus, conferring resistance to DPP-IV degradation and

increasing its half-life to 3.2 h [153]. TED demonstrates sustained biological effects such as
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increased cryptcell proliferation, reduced enterocyte apoptosis, enhanced nutrient
transport, and improved structural integrity of the gut lining [154]. Jepessen and colleagues
[143] demonstrated the ability of the subcutaneously administered TED (0.1mg/Kg/Day), to
reduce the need for parental nutrition and intravenous fluids requirements in patients with
Short Bowel Syndrome (SBS). Clinical trials and preclinical studies show that TED
enhances intestinal barrier function, reduces paracellular permeability, and decreases the
passage of macromolecules across the gut barrier. Some case-reports [155-157], that
analyzed the effect of TED in UC, CD and microscopic colitis, observed improvements in
overall the disease symptoms, but also improvements in villous architecture and normal
colorectal mucosa, suggestive of complete resolution in the rectum. Buchman and
colleagues [144], study the effect of TED in a pilot, randomized, placebo-controlled, double-
blinded, dose-ranging study. TED was administered subcutaneously (0.05, 0.10, or 0.20
mg/kg/Day), and the authors reported increased plasma levels of citrulline, which can be
correlated with potential mucosal healing. However, there were no significant differences

between the treatment groups and the placebo.

It is important to note that there are no clinically relevant abnormalities in laboratory values
or safety issues identified from vital signs or electrocardiograms (ECGs), associated with
the use of TED [158]. Phase Il and Ill studies using TED for the treatment of SBS patients
reported mild to moderate side effects such as abdominal pain, headache, nausea,
nasopharyngitis, and vomiting. The major side effects reported were associated to catheter-

related complications, dehydration, small intestinal obstruction, and fever [143, 158].

2.4 Oral drug delivery

Oral administration is the most common route for drug delivery due to its affordability,
preference among patients, and easier large-scale manufacturing. Commercially, around
60 % of small-molecule pharmaceuticals are taken orally, making up about 90 % of the
pharmaceutical market for human medications. Of the top-selling pharmaceuticals, which

are valued at $35 billion and growing annually by 10 %, 84 % are administered orally [159].

Patients generally adhere better to oral medication regimens than to other methods like
injections or inhalation therapies. Oral drugs have the advantage of being able to target
specific areas within the GIT, making them effective for treating local issues. However,
developing these formulations can be challenging both due to the physical and chemical

properties of drugs and their interactions with the GIT barriers. Within these barriers, are
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included the pH changes alongside the GIT, enzymatic activity, the mucus layer, and the
epithelium [160].

Over the last four decades, research aimed at improving our understanding of drug
absorption, intestinal transit, and drug stability within the GIT to optimize oral drug delivery

systems.

2.4.1 Physiological barriers to the oral delivery of drugs

Gastrointestinal pH

The variation in the GIT pH significantly influences drug delivery strategies, especially in the
development of delayed-release dosage forms. The GIT of healthy individuals, in a fasted
state, comprises pH values of 1.5-2 in the stomach, pH 6 in the duodenum, and continues
to rise along the small intestine, reaching pH 7.4 at the terminal ileum. In the cecum, the pH
decreases to pH 6 and increases again in the colon to approximately pH 6.7 at the rectum
[161]. However, individual variations in GIT pH can occur due to dietary factors and
microbial metabolism, with the gastric pH rising to 3-6 when food is consumed [162]. These
pH variations directly influence the ionization state of drugs, consequently affecting their
absorption [161]. Drugs unstable in acidic pH which the desirable target is the small intestine
or the colon, for instance, should be protected using, for example, enteric polymer coatings
[163]. Additionally, buffering agents can be used to increase stomach pH above 4 during
digestion, effectively deactivating pepsin, which is activated at pH < 4 and has an active
role in the digestion of proteins [159]. Understanding and leveraging these pH dynamics are

crucial for optimizing drug absorption and efficacy throughout the GIT.

Gastrointestinal enzymes

Enzymes play a significant role as barriers to the oral administration of drugs, impacting
both their effectiveness and bioavailability. As drugs pass through the digestive system, they
encounter various enzymes that can degrade them before reaching their absorption sites.
The enzymatic activity is particularly challenging for protein and peptide-based drugs, which
are strongly susceptible to digestion, with 94-98 % of proteins being digested and absorbed
in normal individuals [164, 165]. The digestion process involves the salivary amylase action
in the mouth, the pepsin proteolysis in the stomach and continues throughout the small

intestine facilitated by a complex interaction of pancreatic and enterocyte enzymes. Key
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pancreatic enzymes include serine endopeptidases such as trypsin, a-chymotrypsin, and
elastase, which break down peptide bonds at specific sites based on amino acid
characteristics. For instance, a-chymotrypsin targets bonds near hydrophobic amino acids
like phenylalanine and tryptophan, while trypsin focuses on those near basic amino acids
such as arginine and lysine. Elastase cuts at sites of small aliphatic amino acids like alanine.
The action of these endopeptidases produces smaller peptide fragments that are further
processed by exopeptidases like carboxypeptidases A and B, which cleave terminal amino
acids from peptides. Lastly, peptidases of the enterocytes in the intestinal mucosa

contribute to final protein degradation [165].

Furthermore, in the liver, an array of metabolic enzymes including the cytochrome P450
family, presents another significant barrier as it can metabolize drugs during the first-pass
effect after absorption but before they reach the systemic circulation. This metabolic process
can significantly reduce the amount of active drug that ultimately enters the bloodstream
[166].

To overcome these enzymatic barriers, several strategies are employed in drug formulation,
such as the use of enzyme inhibitors that block the action of specific digestive enzymes, the
design of drugs that are inherently resistant to enzymatic degradation, and the
encapsulation of drugs in protective coatings or delivery systems such as NPs that delay

the release of drugs until they reach their action sites.

Gastrointestinal transit time

The GIT transit time plays a major role in determining drug bioavailability. Gastric transit
time can vary a lot (from 0-2 h in a fasted state and >6 h in a fed state) due to several factors
that control gastric emptying, but also due to age, body posture, gender, osmolarity, and
food consumption [161, 177]. The transit time in the small intestine showed to be relatively
constant from 3-4 h and the colonic transit time presented a higher variability, ranging from
6-70 h [161, 168].

Short transit times can lead to insufficient drug absorption, particularly for drugs that are
absorbed in specific parts of the GIT, such as the small intestine. If a drug moves too quickly
through the digestive system, it may not dissolve completely or be exposed adequately to
the absorptive surfaces of the intestine, leading to reduced efficacy. Conversely, excessively
long transit times can also be problematic, especially for drugs that are unstable in the GIT,
since they may degrade before absorption, decreasing their effectiveness and potentially

leading to the formation of harmful by-products [167].
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Technologies such as controlled-release NPs and enteric coatings are often employed to
manage the impact of transit time variability, ensuring that drugs are released at the right
location and over periods that maximize absorption and therapeutic outcomes [163, 169].
Understanding and managing transit time is thus essential for the effective oral delivery of

many therapeutics.

Mucus layer

Mucus is a complex and viscoelastic hydrogel mainly composed of water (~95 %),
glycoproteins (mucins, ~2 — 5 % w/v), lipids, DNA, non-mucin proteins, and cell debris [170].
Itis produced by goblet cells although other cell types and specialized glands across various
mucosal sites also contribute to its secretion. Mucus is shed at rates that support
homeostatic balance [171], and the thickness and continuity of the mucus layer vary
depending on the anatomical location, aligning closely with its functional needs. For
example, in the stomach, the mucus layer is thick (up to about 200 um) and continuous,
providing essential protection for the underlying tissues against the stomach’s acidic and
enzymatic conditions [172]. In contrast, in the absorptive areas of the small intestine, the
mucus layer is thinner, often only a few tens of micrometers thick, and shows areas of
discontinuity, such as around Peyer’s patches. This structure supports efficient molecular
exchange between the tissue and the lumen and facilitates immune surveillance activities
by immune cells [173]. The colon mucus comprises two distinct layers, with a visible
increase in thickness compared to the small intestine. The inner layer is organized into
multiple thin sheets tightly adhered to the epithelial cells, forming a barrier against bacterial
infiltration. Conversely, the outer layer, housing commensal bacteria, is less dense and
lacks attachment [174].

Mucus plays a critical role in the oral administration of drugs, acting as a selective barrier
that influences the transport and absorption of various molecules and pharmaceutical
carriers. The structure of mucus, characterized by a network of mucin fibers, establishes a
size exclusion threshold impacting the transport of molecules based on their size and
supramolecular structures [173]. The average pore size within the mucus can vary,
generally allowing the passage of particles up to 500 nm, depending on their surface
characteristics [175]. Physicochemical interactions with mucus, such as hydrophobic and
electrostatic interactions, play a significant role in the mobility of molecules. They can cause
molecules to become immobilized within the mucus, affecting drug delivery and distribution
along the mucosal lumen. For instance, hydrophobic drugs and larger molecular structures

often face challenges in penetrating the mucus barrier due to strong adhesive interactions
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with mucins, significantly hindering their transport [173]. Moreover, the dynamics of mucus
shedding/secretion play a crucial role in mucosal clearance, effectively creating a limited

window for the transport of substances from the lumen to the epithelial cells [176].

Various strategies have been developed to overcome these barriers for effective drug
delivery. These include engineering drug molecules and carriers to reduce mucoadhesion,
modifying hydrophilicity, and using mucolytic agents to temporarily alter mucus structure
and enhance diffusion [177]. Furthermore, the development of mucus-penetrating
nanocarriers, inspired by viral capsids or coated with agents that disrupt mucus integrity,
has shown promise in enhancing mucosal drug delivery. Innovations such as the use of
PEGylation to shield nanocarriers from mucin adhesion have also improved the transport
of drugs through mucus, demonstrating the potential for more effective therapies and clinical
applications [178, 179].

Intestinal epithelium

Immediately below the mucus layer, there is a single layer of polarized and specialized
columnar epithelial cells, able to renew every 3-5 days [180]. The intestinal epithelium
(Figure 2.4) comprises a complex arrangement of crypts and villi, significantly enhancing
its surface area for absorption. The crypts primarily serve as proliferative zones sustained
by stem cells, whereas the villi are differentiated areas that regenerate through cells
originating from several crypts. The intestinal epithelium is constituted by enterocytes,
goblet cells, M cells, Paneth cells, as well as enteroendocrine and tuft cells [181]. Each of
these cell types contributes uniquely to the barrier and transport functions essential for drug
absorption. Enterocytes are the most abundant cells in the epithelium, primarily responsible
for the absorption of nutrients and drugs. They facilitate drug transport through both active
and passive mechanisms [182]. Active transport requires energy and the involvement of
specific transporters to move drugs against a concentration gradient, whereas passive
transport allows drugs to diffuse across the cell membrane depending on their lipophilicity
and molecular size. Goblet cells, as mentioned above, are responsible for the secretion of
mucus, which forms a protective layer on the epithelial surface, potentially impeding the
access of drugs to the absorption sites [183]. M cells make up less than 1 % of the total cell
population in the intestine, yet they are crucial for the absorption of antigens and
microorganisms. These cells are located within Peyer's patches, areas where the mucus
layer is notably thinner or absent, facilitating direct contact between antigens,
microorganisms, and the intestinal epithelium [184]. Paneth cells, in reaction to different

microbial triggers, release antimicrobial peptides (AMPs) including a-defensins, angiogenin
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4, and lysozyme that help defend against pathogenic microorganisms and preserve the
equilibrium of the intestinal microbiota [181]. Enteroendocrine cells release hormones that
regulate digestion and intestinal motility, indirectly affecting how drugs are transported and
absorbed [184]. Lastly, tuft cells are chemosensory cells found within the intestinal
epithelium that play a crucial role in immune signaling and homeostasis. They detect and
respond to the chemical composition of the gut content, potentially influencing local immune
responses and intestinal inflammation. Although not directly involved in the transport of
drugs, tuft cells' role in modulating immune responses can indirectly affect drug efficacy and
intestinal permeability, especially in conditions where inflammation alters the barrier function
of the epithelium [185].

Drugs can cross the intestinal epithelium by several pathways, depending on their
physicochemical properties. Transcellular transport allows small, mostly lipophilic drugs to
permeate directly through the cell membranes of the epithelial cells. Paracellular transport
is typically restricted to smaller, water-soluble molecules, and its efficiency is highly
dependent on the integrity and tightness of the tight junctions. Active transport mechanisms
involve various transporters that can selectively move drugs across the epithelial barrier,

often essential for molecules that cannot diffuse passively due to size or polarity [183].

Understanding the complex role of the epithelial barrier, the specific functions of its cellular
components, and the mechanisms by which drugs cross this barrier is vital for developing
effective oral drug formulations. Optimizing drug delivery across this dynamic and selective
barrier involves strategies to modulate the tight junctions, exploit transporter mechanisms,

or alter drug properties to enhance their absorption and therapeutic effectiveness.
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Figure 2.4 - Schematic representation of the intestinal mucosa, including the different

cells of its composition. Created with BioRender.com. Adapted from [181].

2.4.2 Differences between normal and inflamed tissues

Active IBD induces significant physiological changes in the GIT, impacting drug delivery and
the efficacy of oral medications. These changes are primarily driven by mucosal
inflammation, which leads to a compromised intestinal barrier, increased mucus production,
and immune cell infiltration [186]. Table 2.1 describes the main differences in the GIT
physiology between healthy and IBD patients. The overall changes in the gut microbiome
of IBD patients were already addressed, however, it is important to note that gut dysbiosis
can influence the GIT motility and transit times, impacting the delivery and the efficacy of
drugs. Moreover, the changes in the microbial population affect the fermentation processes,

also altering the GIT pH.

Regarding the transit time, Rana and colleagues [187], evaluated the transit time in adult
patients with IBD and observed that it was delayed in comparison to healthy controls.
Moreover, CD patients had a delayed transit time compared to UC. However, conditions like
small intestinal bacterial overgrowth (SIBO) associated with IBD can lead to notably faster

transit times. This variability in transit times, as mentioned above, can affect how drugs are
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absorbed, as rapid transit times can lead to insufficient absorption before reaching the target
site, particularly in the colon. Curiously, studies using animal models have demonstrated
that extended secretion of water into the intestines results in shorter colonic transit times
and, consequently, can modify the colonic microbiome. In this way, while the microbiome
can influence the speed at which contents move through the intestines, the reverse is also

true: changes in transit times can impact the composition of the intestinal microbiome [188].

The GIT pH, as mentioned above, varies a lot due to several physical and chemical factors.
In IBD patients, the colonic pH is commonly more acidic than in healthy individuals. Such
acidic conditions can influence the release and activity of drugs, particularly those reliant on

specific pH levels for absorption or those using pH-dependent release mechanisms [161].

Moreover, dysbiosis impacts the integrity and function of the mucosal barrier. IBD patients,
particularly those with UC, exhibit notable alterations in the intestinal mucus layer, impacting
its protective functions. These changes include variations in thickness, continuity, and
composition of the mucus, as well as structural modifications in mucin. The mucus layer in
CD patients is continuous and sometimes thicker than in healthy individuals, while in UC
patients it tends to be thinner and discontinuous, with decreased concentrations of
phosphatidylcholine and altered glycosylation, with shorter glycan and reduced sulfation
[186, 189, 190]. This diminished sulfation decreases the resistance of the mucins to
bacterial enzymatic degradation and impairs their ability to retain AMP effectively, increasing
the vulnerability of the epithelium to bacterial invasion [186, 191]. These mucosal alterations
are further combined with changes in epithelial permeability observed in IBD. Increased
intestinal permeability, sometimes noted even before clinical inflammation becomes
apparent, suggests it may be a primary disease factor [192]. This permeability is often linked
to abnormalities in tight junctions, such as a reduction in tight junction strands, increased
strand breaks, and dysregulated expression of claudin proteins [193]. These disruptions
facilitate the passage of molecules and pathogens that would normally be obstructed,
exacerbating the disease process. Additionally, epithelial integrity is compromised by
increased rates of apoptosis, leading to microerosions and further loss of barrier function.
This phenomenon is particularly pronounced in UC, where IL-13-induced apoptosis

contributes to early disease stages, and in CD during more advanced stages [184, 194].

Inflammation in IBD fundamentally alters the physiological environment of the GIT, affecting
everything from mucosal integrity and microbial balance to pH levels and transit times.
These factors must be carefully considered when developing and administering oral
therapies for IBD to ensure they can reach their intended site of action in effective

concentrations.

51
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Physiological GIT
factors segment Healthy IBD Reference
Stomach 1-2h Increased 30 %
Small
Transit time intestine 3-4h Increased 30 % [195]
Colon 6-70h 24 h
Stomach Clostridiales Increased E.coli.
Streptococcus Decreased Clostridium
Bacteroides
Small Actinomycinae
intestine Lactobacillus
Microbiome Corynebacteria . [195]
Increased bacteroides,
Eubacteria,
Firmicutes Peptostreptococcus, and
Colon Bacteroides decreased
Proteobacteria Bifidobacteria and E.coli.
Actinobacteria
ucC CD
Stomach 1.2-2.0
(fasted) ~2 ~2
2-6 (fed)
Small
intestine 55-7.0 6.1-7.4 6.3-7.2
(duodenum)
pH Small
m.testlne 65-75 6.8-8.0 73-79 [196], [197]
(ileum)
Right colon 6.1-75 3.0-74 53-7.2
Left colon 6.5-75 6.5-75 54-6.8
Thicker than in Thin and Thicker and
Mucus Colon the small discontinuous, | continuous, [198]
production intestine, Goblet cell Goblet cells
continuous depletion hypertrophy
Widened, loss Widened,
' loss of
. Integrate, of barrier .
Tight . . . barrier
. ) barrier function functions, . [197]
junctions Colon L functions,
maintained Increased
permeability Increasgq
permeability
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2.5 Nanoparticles as drug delivery systems

Nanotechnology, specifically nanoparticles (NPs) present a promising avenue to overcome
challenges associated with drug delivery [199]. The effectiveness of drug delivery is
influenced by the physicochemical properties of the drug, which determine its solubility,
bioavailability, pharmacokinetics, and pharmacodynamics [200]. Common obstacles
include low bioavailability, resulting from either poor absorption, early degradation, and/or a
short half-life and limited circulation time. These factors significantly decrease the amount
of drug that reaches the target tissues compared to the amount that is administered. This
issue is usually managed by administering higher doses of the drug, consequently leading
to toxicity and side effects [201]. Besides this, and as mentioned before in section 2.3, the
need for injectable administration due to the properties of drugs, such as peptides, is
associated with low patient compliance and several side effects related to errors in

administration [202].

The oral route is preferable for chronic diseases since drugs administered by this route are
easier to take, offering the highest compliance among patients. However, oral drugs must
surpass the GIT barriers, needing to survive the stomach environment, enzymatic
degradation, and the intestinal mucosa. Besides this, the absorption of oral drugs can also
be influenced by food intake [203].

The encapsulation of drugs in nanocarriers can improve their stability, protecting them from
enzymatic degradation in the digestive system. Also, it improves the bioavailability of drugs,
allowing for effective absorption. Furthermore, nanocarriers can be engineered for targeted
delivery, ensuring that drugs are released directly at the site of inflammation in the gut. This
targeted approach not only increases therapeutic efficacy but also minimizes systemic side
effects. Moreover, nanotechnology enables controlled release mechanisms, which can
prolong the action of drugs, reducing the need for frequent dosing and potentially improving

patient adherence to treatment protocols [204, 205].

NPs are tiny, solid colloidal particles with an average size ranging from 10 to 1000 nm. For
biomedical uses, nanoparticles are typically preferred to be smaller than 200 nm in size
[199]. NPs can be designed to effectively surpass the physiological barriers, and target the
desired tissues/cells, by modifying their size, morphology, surface charge, and surface
composition. The rising interest in nanotechnology and nanomedicines has encouraged the
development of a diverse range of nanoparticles and materials, offering potential uses

across all types of drugs and administration routes.
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2.5.1 Lipid-based nanoparticles

Lipid-based NPs, such as solid-lipid NPs (SLPs), liposomes, nanostructured lipid carriers
(NLCs), and nanoemulsions, are comprised of, at least, one lipid bilayer encircling one or
more aqueous compartments [206]. SLPs and NLCs are carriers composed of a solid lipid
matrix (lipids are solid at physiologic temperature). SLPs can be composed of mono-, di-,
and triglycerides, fatty acids, hard fats, and waxes. NLCs, in turn, although have a solid
core, are produced by combining a liquid lipid with a solid lipid, and present a reduction in
the melting point compared to SLPs [207]. Nanoemulsions are colloidal mixtures made by
blending water, oils, and surfactants. The most significant are self-nanoemulsifying drug
delivery systems, which are particularly used for oral drug administration [208]. Liposomes
are vesicular systems typically formed from phospholipids and cholesterol, with a particle
size less than 100 nm. Liposomes can encapsulate both hydrophilic and hydrophobic drugs
due to their amphoteric properties, which enables them to deliver a wide range of

therapeutic agents.

Overall, lipid-based NPs offer numerous advantages, including easy formulation, inherent
self-assembly, biological compatibility, high bioavailability, and the ability to carry large
payloads [206]. Their physicochemical properties can also be precisely controlled to modify
their biological behavior, making them a popular choice for FDA-approved nanomedicines
[199].

The use of lipid NPs for the treatment of IBD is very broad. Several studies using colon-
targeted SLPs and NLCs showed promising results in managing IBD symptoms with a
significant reduction in clinical activity scoring, decreasing pro-inflammatory cytokines
levels, and the colonic myeloperoxidase (MPO) enzyme activity [209, 210]. However, lipid-
based NPs can have low loading capacity and present some stability issues in circulation,

due to high uptake to the liver, spleen, and immune cells [206, 211].

2.5.2 Inorganic nanoparticles

Inorganic NPs, mainly composed of materials such as gold, iron, and silica, are particularly
used for diagnostics, imaging, and photothermal therapies due to their magnetic,
radioactive, or plasmonic properties [206]. Gold NPs (AuNPs) are the most studied
inorganic NPs type and can be synthesized with several sizes and shapes as nanorods,
nanoshells, nanospheres, and nanostars. AuNPs are widely recommended for
photothermal therapy due to their good biocompatibility, high yield, capability to bond with

other drugs via gold-thiol bioconjugation chemistry, and resistance to photobleaching [212].
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Iron oxide variants are useful in magnetically guided drug delivery and therapeutic
strategies. These NPs are typically composed of either magnetite (FezO4) or maghemite
(Fe203) and are notable for their superparamagnetic characteristics, which are particularly
useful when the particles are below a certain size [206]. One of the primary applications of
iron oxide NPs is in the field of medical imaging, specifically as contrast agents in magnetic
resonance imaging (MRI). Their superparamagnetic nature improves the contrast of MRI
scans, allowing for more detailed and clearer images of internal body structures, which can
be crucial in diagnosing diseases [213, 214]. Additionally, because they can be manipulated
by external magnetic fields, these nanoparticles are ideal for targeted drug delivery. When
coupled with a drug, iron oxide NPs can be directed to a specific site within the body, such
as a tumor, enhancing the efficacy of the treatment and reducing side effects associated
with systemic drug distribution [215]. Beyond imaging and drug delivery, iron oxide
nanoparticles have been explored for their potential in hyperthermia therapy for cancer
treatment. In this approach, the NPs are accumulated in a tumor and then subjected to an
alternating magnetic field, causing them to generate heat and selectively kill cancer cells
[216, 217].

In IBD context, inorganic NPs are noted for their exceptional catalytic properties and
enzyme-like activities, enabling them to directly interact with ROS and reactive nitrogen
species (RNS), providing powerful therapeutic effects against oxidative stress damage. Zhu
and colleagues [218] tested the effect of different coatings and sizes of AuNPs in treating
IBD. They observed a significant colitis reduction after the oral administration of Au-5
nm/citrate and Au-5 nm/PVP NPs. These NPs regulated colonic MPO enzyme activity,
reduced levels of IL-6 and TNF-a, catalyzed the decomposition of peroxynitrite and H2O-,
scavenged ROS/RNS, inhibited NF-kB activation, and decreased inflammatory factor

levels.

Despite their promising applications, inorganic NPs must be carefully designed to ensure

biocompatibility and minimize any potential toxicity [206].

2.5.3 Polymeric nanoparticles

Polymeric NPs (PNPs) can be developed from a range of materials, both natural, such as
chitosan, collagen, albumin, alginates, and pectins, or synthetic such as poly(lactic acid)
(PLA), poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG) and poly(lactic-co-glycolic
acid) (PLGA), allowing for a wide range of structures, including nanocapsules,

nanospheres, polymersomes, micelles, and dendrimers [219, 220]. PNPs can be
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synthesized through several techniques, as, nanoprecipitation [221], emulsification/solvent
diffusion [222], ionic gelation [223], and microfluidics [224]. The diversity in the formulations
of PNPs allows for their use for encapsulating both hydrophilic and hydrophobic drugs, as
well as molecules of varying molecular weights, from small therapeutic agents to large
biological macromolecules and vaccines [225]. This encapsulation not only protects the
active compounds from premature degradation but also improves the therapeutic index of
drugs by minimizing side effects [219]. The surface of PNPs can also be functionalized with
targeting molecules such as antibodies, antibody fragments, proteins, or peptides, which
can interact with specific cell receptors, enhancing the precision of drug delivery and
reducing off-target effects [220, 226, 227]. It is important to note that, in PNPs, the active
molecules can be encapsulated in the core of NPs, entrapped in the polymer matrix, or

conjugated to the surface of NPs [206].

PNPs are particularly noted for their high stability in biological fluids, efficient translocation
across biological membranes, and capability for sustained and prolonged release, which is
ideal for peptide and protein delivery. Moreover, PNPs can enhance drug solubility, improve
drug bioavailability, and are associated with minimal toxicity [228]. These characteristics
make these NPs highly effective for controlled drug release, ensuring that therapeutics are
delivered at the optimal time and concentration to the intended site. Additionally, PNPs can
be engineered to be responsive to environmental stimuli, further enhancing their efficacy
and bioavailability [229].

Despite their significant advantages, PNPs face challenges such as the potential for particle
aggregation and toxicity, which are concerns particularly when organic solvents are used in
their production. Although most of the polymers used are biocompatible and biodegradable,
incomplete removal of solvent residues can also contribute to toxicity [230]. Consequently,
the number of PNP formulations that have received FDA approval and reached clinical use

is limited, though many are currently undergoing clinical trials [220].

Stimulus-responsive polymeric nanoparticles

“Smart” nanosystems or stimulus-sensitive nanosystems are composed of responsive
polymers that can change their physical and chemical properties in response to variations
in the surrounding environment. This stimulus can be physiological as variations in pH,
enzymatic activity, redox potential, temperature, and ionic strength, or extrinsic to the
organism, such as magnetic fields, ultrasound, and light [231, 232]. Endogenous stimuli

hold significant importance due to the inherent differences between normal physiological
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sites and diseased tissues, particularly in tumor and inflammatory environments [233, 234].
These pathological changes (pH gradients, redox differences, and enzyme expression)
provide internal stimuli-responsive nanoformulations with the advantage of a self-regulated
drug release profile. Additionally, variations in systemic biochemical parameters, such as
extracellular and intracellular pH gradients and gastrointestinal pH gradients, can also be
leveraged in the design of stimuli-responsive drug nanocarriers. In contrast, external stimuli
typically require external devices, which could harm the adherence of patients and are less

convenient for independent operation [235].

The triggered release can be categorized into two main strategies based on how the
bioactive molecule interacts with the nanocarriers (Figure 2.5): (i) the complexation method
- the bioactive agent is encapsulated within the nanocarrier, and its release is activated by
a structural transformation within the carrier's framework, such as degradation of the carrier,
cleavage of its shell, or changes in the charge of functional groups; (ii) the nanocarrier-
conjugate method - the release mechanism involves the breaking of the bond between the

carrier and the bioactive agent [236].

The advantages of these “smart” NPs are particularly significant when the stimulus they
respond to is specific to a disease environment (e.g., a particular expression of a class of
enzymes, specific protein overexpression, pH changes, ROS levels). This specificity
enables the nanocarriers to release their contents in a controlled temporal or spatial

manner, minimizing side effects [235, 236].
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Stimulus

—>

Shell cleavage
+ Drug release

Drug
encapsulation

Drug

—>

Linker cleavage
+ Drug release

Cleavable linker

Figure 2.5 - Stimuli-sensitive mechanisms for drug release. (A) The use of responsive
polymers to produce NPs, allows the active release upon stimuli triggering. (B) The drug
bounding to stimuli-responsive linkers allows the drug release upon linker cleavage.
Adapted from [236].

2.6 Stimulus-responsive nanoparticles for the treatment of Inflammatory Bowel
Disease

The current treatment options for IBD, as described above, are associated with low efficacy
and several side effects. PNPs have become one promising solution to improve the
bioavailability and efficacy of IBD actives. Moreover, targeting delivery to the inflamed colon
can result in a higher improvement of the disease symptoms and reduced systemic toxicity.
The colonic inflammation environment is characterized by a slightly acid to nearly neutral
pH, a longer transit time, low proteolytic enzyme activity, and higher responsiveness to drug
absorption [237]. However, the complex pathology and the interindividual differences
between IBD patients can led to difficulties in finding the best approach to target the

inflammatory sites.

58



Chapter 2

2.6.1 pH-responsive nanoparticles

In the healthy intestine, the normal pH values range from 5.5 - 7 in the duodenum and
increase to 6.5 - 7.5 in the ileum. In a healthy colon, the pH values vary from 6.1 to 7.5. In
IBD patients, alterations in diet, gut microbiome metabolism, and mucosal uptake of short-
chain fatty acids can result in atypical luminal pH levels. Available data from UC patients
indicate significantly lower pH levels in the right colon, whereas findings for CD have been
inconsistent [196]. It is important to note that pH levels vary distinctly between the active
and remission phases of the disease, and also between patients. In this sense, the
effectiveness of pH-sensitive systems may be compromised, since pH variations are crucial
for promoting the erosion of pH-sensitive polymers and thus release the actives [197].
Despite this variability, the observed changes in the colonic pH have led many researchers

to develop drug delivery systems that specifically target drug release in the colon.

Beloqui and colleagues [238], for example, combined the PLGA polymer with a pH-sensitive
Eudragite® polymer (PLGA/ Eudragite®S100) to develop pH-responsive NPs, able to deliver
curcumin to the inflamed colon. The NPs released the curcumin at pH 7.2, ensuring its
delivery in the lower part of the intestine/colon. In vivo, these NPs showed decreased values
of TNF-a and MPO, presenting similar colonic features to the healthy group. In another
study, Ali et al., developed Budesonide-loaded PLGA NPs, coated with a pH-sensitive
methyl-methacrylate-copolymer and evaluated its efficacy in vivo. The authors observed
that coated NPs significantly alleviated inflammation in comparison with bare PLGA NPs
and with the free drug [239].

Taking into account the good outputs of using pH-sensitive NPs, a deep understanding of

the pH differences between disease types and physiological GIT, should be addressed.

2.6.2 Enzyme-sensitive nanoparticles

The colon houses a diverse population of microflora capable of producing enzymes like 3-
glucosidase, cellulase, azoreductase, and nitroreductase. Several polymeric materials,
including pectin, chitosan, dextran, and sodium alginate guar gum, remain intact throughout
the upper GIT but are broken down by these specific enzymes in the colon [240]. Enzyme-
mediated drug delivery leverages this mechanism, utilizing enzymes such as proteases,
phospholipases, and glycosidases that are prevalent in conditions like inflammation or

cancer. In this system, a polymer designed to be sensitive to a particular enzyme will
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undergo cleavage at the disease location, triggering the release of the encapsulated drug

and enabling its targeted therapeutic action [241].

Ye and colleagues [242] developed curcumin-loaded lactoferrin/folic acid NPs covered with
enzyme-triggered laminarin to treat UC. The idea behind the work was based on lactoferrin's
ability to bind to the lactoferrin receptors of intestinal epithelial cells and the ability of folic
acid to bind to the folic acid receptors in macrophages. Moreover, laminarin has the ability
to improve the stability of the system in the upper GIT and release the anti-inflammatory
curcumin around the colon through B-glucanase digestion. The main results of this work
showed greater anti-inflammatory activity through the decrease of pro-inflammatory
cytokines (iNOS, IL-18, IL-6, and TNF-a) and inhibition of the TLR4/MyD88/NF-kB signaling
pathway. Additionally, this enzyme-sensitive nanosystem contributed to the repair of the
intestinal barrier, promoting the expression of tight junction proteins. In another study,
Castangia and co-workers [237] developed quercetin-loaded PEG vesicles and coated
them with chitosan and nutriose. The complex formed by chitosan and nutriose protects the
PEG vesicles from degradation in the stomach, allowing the release of quercetin in the
colon. Besides this, nutriose is also a nutritional supplement for the colonic microflora of the
host, enhancing its beneficial enzymatic activity and aiding in the quick recovery of mucosal

integrity.

2.6.3 Reactive oxygen species—sensitive nanoparticles

ROS plays a crucial role in the progression of inflammatory disorders, including IBD. In the
GIT, disturbances in the mucosal barrier trigger an acute inflammatory response initiated in
the lamina propria. This involves the activation of the immune cells that migrate to the
inflammation site and secret ROS, granular enzymes, and vasoactive and pro-inflammatory
mediators [243]. ROS are produced through the reduction of oxygen and its secondary
reactive products, which include free radicals such as the superoxide radical anion (O2"),
hydroxyl radical (HO"), peroxyl (RO2’), alcoxyl (RO"), and hydro-peroxyl (HO,"), along with
non-radical forms like singlet oxygen ('O2), hydrogen peroxide (H202), and hypochlorous
acid (HOCI). An increase in ROS levels can disrupt the mucosal barrier and enhance the
permeability of epithelial cells. This disruption sets off a series of pathological events that

trigger and maintain inflammatory processes within the gut [244].

Within this perspective, taking into account the overproduction of ROS, ROS-responsive
NPs can be an efficacy way to target the inflamed colon. Tan and colleagues [245], for

example, developed luteolin-loaded D-a-tocopherol polyethylene glycol succinate-b-poly([3-
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thioester) co-polymer (TPGS-PBTE) NPs, for the treatment of UC. The thioether bond in
the main chain of the polymer allowed its ROS-responsiveness. This innovative system was
able to reduce inflammatory cytokines (IL-17A, IL-6, interferon-y, tumor necrosis factor-a),
and upregulate glutathione and some anti-inflammatory factors (e.g., IL-10, IL-4), in a DSS-
colitis mice model. In another study, Sun et al, [246] developed ROS-responsive
budesonide-loaded inulin NPs. The ROS responsiveness was achieved by conjugating the
inulin with 4-aminothiophenol (ATP). The in vivo assays showed promising results of this

nanosystem in reducing the inflammation markers and improving mucosal healing.

Overall, ROS-sensitive nanosystems appear to be the most reliable stimuli-sensitive NPs
for the delivery of drugs in the inflamed colon. Even with the intra-individual variances, the
overproduction of ROS in the inflamed tissues seems to be a common feature in IBD

patients.

2.6.4 Multi-responsive nanoparticles

The inter-individual variances in the gut environment of IBD patients can lead to a decrease
in the efficacy of stimuli-responsive NPs, mostly in the pH-sensitive and enzyme-responsive
systems. In this way, the combination of multiple stimuli-responsive factors seems to

become an effective strategy to manage IBD.

Qi and colleagues [247], developed a nanosystem rhein-loaded chitosan/fucoidan
nanosystem, responsive to both pH and ROS variations, for the treatment of UC. The
authors state that chitosan is itself a pH-responsive linker. In this way, to achieve ROS-
sensitive properties, the fucoidan was covalently linked to a reactive oxygen chemical
material called 4-(hydroxymethyl) phenylboronic acid pinacol ester (PAPE). NPs were able
to improve the bioavailability of rhein at the site of colon inflammation in DSS-colitis mice.
Naeem and co-workers [248], in turn, created a budesonide-loaded enzyme and pH-
sensitive nanosystem composed of an enzyme-sensitive azo-polyurethane (Azo-pu) and a
pH-sensitive methacrylate copolymer (Eudragit S100 [ES]), for targeted drug delivery to the
inflamed colon. These NPs were able to significantly reduce the MPO activity and also the

expression of the pro-inflammatory cytokines.
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3.1 Abstract

Inflammatory Bowel Disease (IBD) is a chronic inflammatory condition affecting the
gastrointestinal tract (GIT). Glucagon-like peptide-2 (GLP-2) analogs possess high potential
in the treatment of IBD by enhancing intestinal repair and attenuating inflammation. Due to
the enzymatic degradation and poor intestinal absorption, GLP-2 analogs are administered
parenterally, which leads to poor patient compliance. This work aims to develop IBD-
targeted nanoparticles (NPs) for the oral delivery of the GLP-2 analog, Teduglutide (TED).
Leveraging the overproduction of Reactive Oxygen Species (ROS) in the IBD environment,
ROS-sensitive NPs are developed to target the intestinal epithelium, bypassing the mucus
barrier. PEGylation of NPs facilitates mucus transposition, but subsequent PEG removal is
crucial for cellular internalization. This de-PEGylation is possible by including a ROS-
sensitive thioketal linker within the system. ROS-sensitive NPs were established, with the
ability to fully de-PEGylate via ROS-mediated cleavage. Encapsulation of TED into NPs
resulted in the absence of absorption in 3D in vitro models, potentially promoting a localized
action, and avoiding adverse effects due to systemic absorption. Upon oral administration
to colitis-induced mice, ROS-sensitive NPs were located in the colon, displaying healing
capacity and reducing inflammation. Cleavable PEGylated NPs demonstrate effective

potential in managing IBD symptoms and modulating the disease's progression.

3.2 Keywords

Inflammatory bowel disease; Mucus-penetrating nanoparticles; Oral delivery; ROS-

responsive nanosystem; Teduglutide.

3.3 Introduction

Inflammatory bowel disease (IBD) encompasses a set of chronic inflammatory conditions
affecting the gastrointestinal tract (GIT), including Crohn’s disease (CD) and Ulcerative
Colitis (UC) [1]. The prevalence of IBD has been substantially increasing worldwide,
emerging as a public health challenge and representing a significant socioeconomic and

quality of life burden [2, 3].

Conventional treatment for IBD typically involves aminosalicylates, corticosteroids,
immunomodulators, and biologics, often complemented by additional measures or surgical

intervention [4]. The selection of these agents is guided by factors such as disease severity,
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anatomical location, and the patient's previous treatment response [5, 6]. However, IBD
treatment often exhibits limitations such as lack of selectivity, low bioavailability, incomplete
response rates, loss of efficacy over time, and significant side effects [4, 7]. Recent
developments using peptides, and more specifically Glucagon-like peptide 2 (GLP-2)
analogs, for the treatment of IBD, showed promising results in managing IBD by enhancing

intestinal repair and attenuating inflammation [8-11].

GLP-2 is an endogenous peptide with regulatory effects in the growth, proliferation, and
maintenance of GIT cells. The intestinotrophic and anti-apoptotic effects of this peptide
render its potential application in treating GIT diseases, namely in IBD and short bowel
syndrome (SBS). GLP-2 and its analogs, such as teduglutide (TED), have been shown
ability to promote mucosal epithelium expansion and crypt cell proliferation, increase
intestinal barrier function, and, ultimately, act as anti-inflammatory agents [12, 13]. TED has
been demonstrated to improve nutrient absorption, and ameliorate mucosal damage as well
as inflammation and intestinal lesions, with potential therapeutic benefit in the treatment of
IBD [8-11]. However, the invasive and painful parenteral routes (subcutaneous and
intravenous injections), associated with TED administration [14, 15], may dictate poor
patient compliance and an uncomfortable regimen, given the complexity of administration
and the risk of problems arising in the tissue, such infections [12]. To secure patients’
convenience, oral administration is the preferred route for drug delivery. Still, the oral
administration of GLP-2 peptide analogs has large hurdles, namely the harsh environment
of the GIT (e.g., enzymatic activity and, acidic pH), the mucus barrier, and poor transport
properties across the intestinal epithelium [16, 17]. Rectal administration, in turn, offers
targeted delivery, enhancing the drug's local concentration and efficacy. It also minimizes
systemic side effects and allows for faster relief of symptoms compared to injection routes

[18, 19], despite possible colonic enzymatic degradation [20].

The use of nanoparticles (NPs) to deliver GLP-2 analogs may overcome the limitations of
both oral and rectal delivery pathways. One potential advantage of NPs relates to their
ability to modulate the mucoadhesion by suitable engineering of their colloidal properties.
Dense surface coating with polyethylene glycol (PEG) is one of the most successful
strategies for enabling NPs to rapidly transpose the mucus [21, 22]. In the particular case
of colorectal tissues, the use of PEG coating increases the migration of NPs across mucus,
allowing an extensive coverage of the epithelial surface after administration to healthy mice
when compared to mucoadhesive NPs [23-25]. It seems to be clear that the potential
advantage of mucus-penetrating NPs over mucoadhesive mainly stands in their ability to
transpose the mucus barrier more efficiently than the latter ones. Nevertheless, it is widely

accepted the preference for hydrophobic or charged surfaces to interact with cell
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membranes and, consequently, increase cellular uptake [26, 27]. A permanent PEGylation
seems to hinder the interaction with cell membranes, being critical when the NPs need to
be internalized by target cells [28-30]. The few works performed in IBD models using mucus-
penetrating NPs showed comparable results when used in healthy models, denoting the

lack of specificity for inflammation sites [23].

Oxidative stress has a huge role in the pathogenesis and progression of IBD, leading to
increased levels of reactive oxygen species (ROS) in damaged tissues [31-34]. The
overexpression of ROS at intestinal inflamed sites can be exploited as a disease-specific
triggering mechanism for microenvironment-responsive drug delivery systems [35].
Therefore, exploiting a ROS-responsive cleavable PEGylated nanosystem, displaying
mucus-penetrating and adequate surface properties to maximize the interaction with the

target cells, may allow effective delivery of GLP-2 analogs to intestinal inflamed tissues.

In this work, we developed a ROS-cleavable PEGylated nanosystem, able to deliver the
GLP-2 analog, TED, for treating IBD. The nanosystem comprises a poly(lactic-co-glycolic
acid) (PLGA) matrix, covalently bonded to the PEG polymer through a ROS-sensitive linker,
the Thioketal (TK) linker. PEGylation allows an efficient transposition of intestinal mucus. At
the same time, the cleavable behavior, provided by the presence of the TK linker, in
response to ROS, allows for maximization of the interaction of NPs with target cells and

tissues.

3.4 Materials

PLGA 5004A (50:50 lactic acid:glycolic acid; PURASORB® PDLG 5004A) was kindly
provided by Corbion Purac. methoxyPEG (mPEG) (5kDa):PLGA(55kDa) (50:50 LA:GA)
was purchased from Sigma-Aldrich®, and mPEG(5kDa)-TK(252 Da)-PLGA(30kDa) (50:50
LA:GA) and, PLGA-FKR648 were acquired from RuixiBiotech®. Poly(vinyl alcohol) (PVA)
(87-90 % hydrolyzed, average molecular weight of 30,000-70,000) was purchased from
Sigma-Aldrich®, and DiO-dye and Cyanine 7.5 (Cy7.5) were acquired from Lumiprobe
GmbH. Dichloromethane (DCM) was acquired from Sigma-Aldrich®. Milli-Q® ultrapure water
was prepared in-house with a conductivity of 0.055 uS.cm™ and a resistivity of 18.2 MQ.cm,
using a MilliQ® station from Millipore Corporation. KI67 was acquired from Thermo Fisher
Scientific Inc. and TED was purchased from Creative Peptides®. Porcine mucin was
purchased by Sigma-Aldrich®. Paraformaldehyde (PFA) was acquired from Electron
Microscopy Sciences. DAPI and CellMask™ Orange were purchased by Merck Millipore

and Invitrogen™, respectively.
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For cell cultures, T-flasks were acquired from Labclinics; Dulbecco's Modified Eagle Medium
(DMEM), Roswell Park Memorial Institute (RPMI) 1640 Medium, Medium 199, Trypsin, and
penicillin/streptomycin (P/S) were purchased from Gibco®; Fetal Bovine Serum (FBS) was
acquired from PAN-Biotech; and accutase from Thermo Fisher Scientific®. Fibroblast
Medium (FM), and Fibroblast Growth Supplement (FGS) were sourced from ScienCell TM.
C2BBe1 (Caco-2) and THP-1 cells were purchased from ATCC, mucus-producing HT29-
MTX cells were kindly provided by Dr. T. Lesuffleur (INSERM U178, Villejuif, France),
Human intestinal fibroblasts (HIF) primary cells were obtained from ScienCell, and Human
pulmonary microvascular endothelial cells (HPMEC)-ST1.6R cells were kindly provided by
professor C. James Kirkpatrick (Institute of Pathology, Johannes Gutenberg University of
Mainz, Germany). Human-derived monocytes were isolated from buffy coats of healthy
blood donors, kindly provided by the Centro Hospitalar Universitario Sdo Jodo (CHUSJ),
Porto, Portugal, under the ethical agreement number: 90/19. Donors provided written

consent for their blood to be used for research purposes.

Male C57BL/6 mice with 7-8 weeks were purchased from Charles River Laboratories.
dextran sodium sulfate (DSS), colitis grade (36,000 - 50,000) was purchased by

Bioportugal-Quimico-Farmacéutica.

3.5 Methods

3.5.1 Development of cleavable PEGylated nanoparticles encapsulating teduglutide

Production of nanopatrticles

PLGA, mPEG-PLGA, and mPEG-TK-PLGA NPs were produced by the water-in-oil-in-water
(w/o/w) double emulsion technique, with a total polymer mass of 20 mg. mPEG-TK-PLGA
NPs consisted of a mixture of 10 % (w/w) of mMPEG-TK-PLGA co-polymer and 90 % (w/w)
of PLGA (mPEG-TK-PLGA:PLGA). Crude PLGA, mPEG-PLGA, and mPEG-TK-
PLGA:PLGA were dissolved in 1 mL of DCM. Then, 100 pL of aqueous phase (Milli-Q®
ultrapure water in the case of empty NPs or TED dissolved in Milli-Q® ultrapure water in
case of drug-loaded NPs), were added to the polymeric solution and homogenized using a
Bioblock Vibracell™ 75186 Sonicator (Sonics & Materials), with 70 % of amplitude. This
primary emulsion (w/o) was poured into 4 mL of an aqueous surfactant solution, PVA 2 %
(w/v), and homogenized, using the same equipment, leading to the second emulsion
(w/o/w). After this, it was added to a beaker containing 7.5 mL of PVA 2 % (w/Vv), and the

organic solvent was then removed by evaporation for 3 h, under magnetic stirring (300 rpm).
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Finally, NPs were concentrated using a high-speed centrifuge Beckman Avanti™ J-26 XP
followed by washing twice with 10 mL Milli-Q® ultrapure water. Fluorescent NPs were
produced by the same methodology using the DiO-dye for the multiple particle tracking
(MPT) assays, 10 % (w/w) of PLGA-FKR648 for the cell interaction assays, and Cy7.5-dye

for the biodistribution assays.

Particle size, polydispersity index, {-potential, and surface morphology

NPs were characterized regarding hydrodynamic diameter and Pdl by dynamic light
scattering (DLS) and zeta-potential (-potential) by laser Doppler electrophoresis (LDE),
using a Zetasizer Nano ZS (Malvern Instruments). For these measurements, samples were
diluted in an ionic solution of 10 mM sodium chloride (NaCl) at a 0.2 mg.mL"' NPs
concentration. Three independent experiments were performed with a minimum of three
analyses per sample. NPs were also morphologically characterized by transmission
electron microscopy (TEM), using a JEOL JEM 1400 microscope (JEOL Ltd) at an
accelerating voltage of 120 kV. 10 uL of each NP batch were mounted on nickel grids and

left to stain for approximately 2 min.

Colloidal stability of nanoparticles

The colloidal stability of the developed NPs, diluted in phosphate-buffered saline (PBS),
was evaluated for 5 weeks at 4 °C. NPs stability in simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF) were also assessed for 24 h at 4 °C. The physicochemical
properties of the NPs (hydrodynamic diameter, Pdl, and (-potential) were evaluated by

Zetasizer Nano ZS as described above.

Association efficiency and drug loading of teduglutide

TED is a peptide composed of 33 amino acids (aa) and has, in its composition, the aromatic
aa, tryptophan, characterized by its intrinsic fluorescence [36]. In this way, the amount of
TED encapsulated into NPs, was quantified by High-Performance Liquid Chromatography
with fluorescence (HPLC-FL). NPs were destroyed in dimethyl sulfoxide (DMSQ) before the
drug quantification. A reversed-phase Synergi™-C12 column was used as a stationary
phase with a mobile phase composed of 0.1 % of trifluoroacetic acid (TFA) in water (eluent
A) and 0.1 % of TFA in acetonitrile (eluent B), in a gradient method: 0-10 min 60 % of eluent

87



Chapter 3

A and 40 % of eluent B; 10-11 min 20 % of eluent A and 80 % of eluent B; 11 min 60 % of
eluent A and 40 % of eluent B. The chromatographic analysis was performed at a flow rate
of 1 mL.min"". The fluorescence excitation wavelength used for TED detection was 295 nm
and the emission wavelength used was 300 nm. The injection volume was 20 uL, and the

AE (%) and DL (%) were calculated using the following equations:

AE (%) = Mass of encapsulated TED

x 100 Equation (1)

Inicial mass of TED

Mass of encapsulated TED
Mass of NPs+initial mass of TED

DL (%) = x 100 Equation (2)

Reactive Oxygen Species-mediated thioketal cleavage from mPEG-TK-PLGA in reactive
oxygen species-simulated conditions

The ROS responsiveness of TK in the co-polymer mPEG-TK-PLGA and mPEG-TK-
PLGA:PLGA NPs was investigated by '"H NMR (400 MHz, DMSO-d6) analysis. Briefly, both
the TK linker and the NPs were incubated in water containing 400 mM H2O, and 3.2 uM
CuCl,. These reagents produce hydroxyl radicals by reduction of H,O, catalyzed by
converting Cu?* to Cu®* to hydroxyl radical by a Fenton-like reaction [37]. The linker and the
NPs incubated in water without any ROS stimulus were used as controls. After 24 h, all of
the mixtures were centrifuged (10 min, 75.650 G), washed 3 times, and freeze-dried for
further 'H NMR analysis.

3.5.2 Interaction of cleavable-PEGylated nanoparticles with mucus and cells

Nanopatrticles transposition through the mucus

Analyzing the transport of NPs through the mucus allows the characterization of the NPs’
mobilization profile. MPT video microscopy was employed to characterize the transport of
NPs in mucus surrogates [38, 39]. Briefly, diluted fluorescent NPs (0.008 % w/v) were
dispersed in mucin-based preparations (5 % w/v mucin-type Il from porcine stomach in
PBS) and time-lapse videos were recorded at high temporal resolution (67 ms) using the
Hamamatsu ORCAFlash4.0 digital CMOS camera (Hamamatsu, Japan) mounted on a
Leica DMIG000 inverted epifluorescence microscope (Wetzlar, Germany). These videos
were then processed using ImageJ/Fiji (v. 2.14.0) and the MosaicSuite 2D/3D single-particle

tracking plugin that identifies each particle in each frame to build the trajectories [40].
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Relevant data were then extracted from the trajectories, such as the mean square
displacement, effective diffusivity, and the anomalous exponent alpha, using in-house
developed software [39]. This last parameter is related to transport impairment, with lower

values suggesting hindered transport.

Nanopatrticles surface hydrophobicity assay

The surface hydrophobicity of bare PLGA and mPEG-TK-PLGA:PLGA NPs was evaluated
using the Rose Bengal assay [41, 42]. Briefly, 500 pyL of NPs suspension (concentrations
range between 0.02 mg.mL™" to 0.2 mg.mL""), were mixed with 1 mL of a Rose Bengal
solution (100 yg.mL™"). All samples were then incubated for 30 min at 25 °C, under constant
stirring. After this, the unbound Rose Bengal was collected from the supernatant of the
samples, after centrifugation (13 500 g, 30 min). The amount of Rose Bengal present in the
supernatant was calculated by measuring the absorbance at 548 nm in a BioTek Synergy

Mx microplate reader (BioTek Instruments Inc.).

The total surface area (TSA) of NPs (Equation (3)) was determined to assume that NPs

were spherical and monodisperse, with a diameter equal to the mean size obtained by DLS.
TSA = (SAnp) X (NTnp) — Equation (3)

SAnp represents the surface of one individual NP (41r?) and NTye is the total number of
NPs in each dilution, calculated using Equation (4).

m NP

NTwp = ————
NP PPLGAXxV NP

— Equation (4)

mnp represents the NP's weight in each dilution, pPLGA represents the density of PLGA
(1.3 g.mL™") and Vnp represents the volume (gnr?’) of an individual NP. Also, the partitioning

quotient (PQ) consists of the quotient between the bound and unbound amount of Rose
Bengal used. Lastly, the slope of the chart represents the hydrophobicity of the formulations:

the higher the slope, the higher the hydrophobicity.

Cell culture maintenance

Caco-2 and HT29-MTX cells were cultured in DMEM supplemented with 4 mM L-glutamine,
4.5 g.L" glucose, 1 mM sodium pyruvate, and 1.5 g.L"" sodium bicarbonate, along with 1 %
P/S 100x and 10 % FBS. HIF primary cells were cultured in FM supplemented with 2 %
FBS, 1 % FGS, and 1 % P/S solution. HPMEC-ST1.6R were cultured in M-199 medium
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supplemented with 20 % (v/v) FBS, 1 % P/S 100x, 25 ug.mL" ECGS, 25 pug.mL" heparin
sodium salt from porcine intestinal mucosa, and 0.1 mg.mL"' L-glutamine. THP-1 cells were
cultured in RPMI 1640 medium containing 4.5 g.L-" d -glucose, 0.3 g.L"' I-glutamine, and

0.11 g.L" sodium pyruvate. Monocytes were then cultured in RPMI medium.

All cell types were cultured separately in tissue culture flasks and maintained in a Binder

incubator at 37 °C with 5 % CO: in a water-saturated atmosphere.

Metabolic activity assay

Resazurin reduction assay was performed in Caco-2 clone, HT29-MTX, and THP-1
macrophage-like cells, to assess the effect of free TED, TED-loaded NPs, and empty NPs

in the metabolic activity of the cells.

The protocols used were similar for all cell lines, differing only in the cellular density and cell
seeding time. Briefly, Caco-2 clone, HT29-MTX, and THP-1 cells were individually seeded
in 96 well plates at a cellular density of 20 000 cells/well, 10 000 cells/well, 125 000
cells/well, respectively, and allowed to grow for 24 h, in the case of Caco-2 clone and HT29-
MTX cells, and 72 h with medium + phorbol 12-myristate 13-acetate (PMA) in the case of
THP-1 monocytes. On the day of the experiment, increasing concentrations of NPs and free
drug (0.10; 1.00; 10.00; 100.00; 500.00 ug.mL"", expressed as the amount of TED) were
dispersed in media (without FBS) followed by incubation with cells for 24 h at 37 °Cina 5
% CO> air atmosphere. Only medium and a solution of 1 % (w/v) Triton X-100 in medium
were used as controls. After that time, a solution of 20 % (w/v) resazurin in cell media was
incubated with the cells for 2 h and the amount of resorufin obtained was quantified by
measuring the fluorescence using the excitation/emission wavelengths of 530/590 nm in a

BioTek Synergy Mx microplate reader.

Nanopatrticles cellular uptake

The interaction of NPs with the cells was quantitatively assessed by flow cytometry, using
a BD FACS Canto ™ || Flow Cytometer (BD Biosciences). Briefly, epithelial and adherent
Caco-2 and HT29-MTX cell lines were seeded on 12-well plates (2.0 x 10° cells/well) and
incubated for 24 h at 37 °C with 5 % CO2. Immune THP-1 macrophage-like cells and
Human-Derived monocytes, in turn, were seeded on 96-well round bottom plates (1.0 x 10°
cells/well). After 24 h of incubation, fluorescent NPs (100 ug.mL™") dispersed in cell medium

were incubated for 1 h at 37 °C and 5 % CO.. After incubation, cells were washed twice
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with PBS, and trypsin-EDTA was added to detach the cells (in the case of adherent cells).
The trypsin-EDTA action was stopped with medium and the cells were collected and
centrifuged at 1200 rpm for 5 min at 4 °C. The collected pellet was washed twice in PBS
and recovered after centrifugation (1200 rpm for 5 min at 4 °C). The cells were then fixed
with 2 % (w/v) of PFA in PBS. After 20 min, the PFA was removed by centrifugation, the
cells were resuspended in PBS, and 2 more centrifugation steps were performed. On the
last one, the supernatant was discarded and the cells were resuspended in PBS. Samples

were stored at 4 °C before analysis.

Nanopatrticles intestinal permeability

Cell permeability assays were performed in healthy and diseased 3D in vitro intestinal
models to assess the amount of TED that permeated through the cells. The inflamed
intestinal 3D model was developed by refining a 3D intestinal model previously developed
by our group [43] and endowing it with inflammatory features. The inflammation was induced
by adding an immune cell layer (THP-1) and applying a lipopolysaccharide (LPS) stimulus
to the previous model. The inserts were used in a unidirectional drug transport study (apical-
to-basolateral direction) after 21 days of culture. 100 pyg.mL™" of free TED, TED-loaded
PLGA NPs, and TED-loaded mPEG-TK-PLGA:PLGA NPs were incubated in the apical side
of the Transwell® inserts. At predetermined time points (15, 30, 60, 120, and 240 min), the
Transepithelial Electrical Resistance (TEER) values were measured and an aliquot of 200
ML was collected from the basolateral compartment. An equivalent volume of fresh pre-
warmed Hanks’ Balanced Salt Solution (HBSS) was added to the basolateral side and the
plate was incubated at 37 °C and 100 rpm of agitation. At the last collection time-point, 200
pL of medium was removed from both the apical and basolateral compartments, and the
Transwell® insert membrane was further collected into a microcentrifuge tube using a
scalpel. The amount of TED that permeated through the 3D in vitro healthy and inflamed
modes was then quantified by HPLC-FL.

3.5.3 In vivo biodistribution and efficacy of nanoparticles

In vivo biodistribution and efficacy studies were performed in a colitis model induced in
C57BL/6 mice with 7-8 weeks, using 2 % (w/v) DSS in water, for 7 days [44]. Experiments
were conducted in accordance with the provisions of FELASA and the European Directive

2010/63/EU. The necessary approvals by the Animal Welfare at Instituto de Investigagéo e
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Inovacao em Saude (i3S), Universidade do Porto (reference BSm_2017_10) were obtained

before the start of the studies.

Biodistribution of nanoparticles

Studies concerning the distribution of fluorescent NPs in the GIT of a DSS colitis murine
model were performed. Male C57BCL/6 mice were fasted for 12 h and their distal
colon/rectum was washed with 200 pL of NaCl, using a 1 mL syringe, before the
administration of NPs to soften and minimize fecal content and output, thus better
resembling the human colorectal content. Cy7.5-loaded PLGA, mPEG-TK-PLGA:PLGA,
and mPEG-PLGA NPs were suspended in PBS (25 mg.mL", the final volume of 200 uL)
and administered orally or rectally using a syringe and a micropipette, respectively. For this
experiment, were used 3 animals per group, per time point, per administration pathway.
Considering that each time point was terminal, we used a total of 39 animals (18 animals
used for oral administration experiments, 18 animals used for rectal administration
experiments, and 3 healthy controls commonly used for both oral and rectal experiments).
Animals were slightly sedated during the administration procedures. At predetermined time
points (15 or 120 min), mice were anesthetized using 3-5 % isoflurane and transferred to
the IVIS® LUMINA system (Perkin Elmer, Waltham, MA, USA) for whole body near-infrared
(NIR) imaging. 1-2 % of isoflurane was used for anesthesia maintenance. Abdominal fur
was removed with a hair clipper before imaging. After this, the animals were sacrificed by
cardiac puncture followed by cervical dislocation. Necropsy was performed and the GIT and
the liver were isolated. The organs were transferred once again to the IVIS® LUMINA system
for imaging collection. For that, samples were collected and placed in a dark receptacle for
subsequent analysis via the IVIS system. The baseline radiance signal from untreated
animal GIT samples was utilized for comparative analysis. Quantification of the radiant
efficiency from same-sized regions including complete excised tissues was performed using
Living Image® software v. 4.4 (Caliper, Hopkinton, MA, USA). Subsequently, the GIT and
the colon were partitioned into 3 segments: stomach, small intestine, and colon in the case
of oral administration samples and proximal colon, medium colon, and distal colon (relative
to its distance from the stomach) in the case of rectal administration samples. These
segments were individually frozen at -80 °C in O.C.T. and prepared for fluorescence
imaging. Specifically, 10 um cryosections were stained with DAPI and CellMask™ Orange
Actin Tracking Stain, then mounted using Fluromount® aqueous mounting medium.
Imaging was conducted using a Confocal Microscope Leica TCS-SP5 AOBS (Leica
Microsystems, Wetzlar, Germany) equipped with a 20x water-immersion apochromatic

objective.
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Efficacy of nanoparticles

In vivo assessment of the TED-loaded mPEG-TK-PLGA:PLGA NPs efficacy in the treatment
of IBD was performed. At day 8, after DSS-colitis induction, the treatments were
administered to the mouse groups for 5 consecutive days, once per day - PBS in the case
of healthy and diseased mice, TED-loaded NPs, and free TED administered orally or
subcutaneously, in a final dose of 5 mg.kg™ and 0.1 mg.kg™, for oral and subcutaneous
administration, respectively. On the last day of the experiment, male C57BCL/6 mice had
their distal colon/rectum washed with NaCl, before colonoscopy analysis. Animals were
sedated during the entire colonoscopy, euthanized by cardiac puncture at the end of the
examination, and the intestines were collected for further cytokines analysis and H&E and

Ki67 staining.

Cytokines quantification

Colon homogenates were directly prepared from frozen tissue samples in ice-cold lysis
buffer (water with 150 mM NaCl, 0.5 % (w/v) Tween 20, 20 mM Tris HCL, and 1 tablet of
protease inhibitor) by sonication (VWR® VDI 12, Homogeneizador, 10 s) (15 mg tissue/100
ML of lysis buffer). Samples were subsequently centrifuged at 20,000 x g for 10 min. The
supernatant was retrieved and kept at —80 °C until further analysis, and the pellet was
discarded. The concentrations of the following colonic proinflammatory cytokines and
chemokines were determined with a Mouse Cytokine Proinflammatory Focused 10-Plex
Discovery Assay® Array (MDF10) ELISA kit.

Hematoxylin and eosin staining

Segmentations of the proximal colon of the mice were fixed in 10 % (v/v) buffered formalin
for 24 h. Subsequently, they underwent standard processing in an automated tissue
processor for embedding in paraffin. Serial sections, each 4 ym thick, were then prepared
for H&E staining. The stained slides were examined using a light microscope (Leica
DM2000 LED, Wetzlar, Germany).
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Immunohistochemistry and Scanning

Immunohistochemical (IHQ) assay was performed with anti-Ki67 (1:500; MA5-14520,
Invitrogen, Rockford, UK). All IHQ protocol, dewaxing included, was performed
automatically in a Ventana Discovery Ultra Platform (Roche Diagnostics, Tucson, USA)
using CC2 as epitope recovery (ER).
The downstream IHQ protocol was performed as follows: tissue sections were blocked for
endogenous peroxidase activity for 12 min followed by blocking using UltraVision Protein
Block (Epredia®©). Tissues were incubated for 1 h at 37 °C with anti-Ki67 at a 1:500 dilution.
Detection was performed with Poliview®Plus HRP (anti-Rabbit) (Enzo, Farmingdale, USA)
over a 45 min incubation. Reactions were detected with 3,3'-Diaminobenzidine (DAB)
(Dako, Glostrup, Denmark). Tissues were then counterstained with HIGH DEF®
hematoxylin (Enzo, Farmingdale, USA), dehydrated, and coverslipped using a permanent
mounting media (Entellan®). Positive and negative controls were included in every set of
reactions for each antibody used. All slides were scanned using Phenolmager HT (formerly

known as Vectra Polaris) microscopes (Akoya Biosciences, Marlborough, MA, USA).

3.5.4 Statistical analysis

Statistical analysis was performed using the GraphPad Prism 8 Software (GraphPad
Software Inc., San Diego, California). Statistical differences between groups were evaluated
using Student’s t-test (two-group comparison) one-way or two-way analysis of variance
(ANOVA) Tukey's test (multiple comparisons). Results are expressed as mean * standard
deviation (mean + SD) or mean * standard error of the mean (mean + SEM) and geometric
mean with 95 % confidence intervals. The levels of significance were considered
for *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

3.6 Results and Discussion

3.6.1 Development of nanoparticles encapsulating teduglutide

Development and characterization of nanoparticles

PLGA, mPEG:PLGA, and cleavable PEGylated mPEG-TK-PLGA:PLGA NPs, were

produced and characterized regarding their physicochemical properties (Figure 3.1A). All
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formulations present an average size around 200 nm, being advisable for the intestinal
transport of the peptide through the GIT, [45] and polydispersity index (Pdl) values lower
than 0.300, suggesting a relatively homogenous size distribution of the particles [46, 47].
The morphology of the nanoformulations was evaluated by TEM analysis, unveiling a
spherical shape for all the NPs tested. The geometric configuration of particles significantly
impacts their interaction with cells. Specifically, spherical nanoparticles demonstrate
enhanced and expedited internalization into cells compared to their irregularly shaped
counterparts.[48] Notably, a corona surrounding the mPEG-TK-PLGA:PLGA NPs and
mPEG-PLGA NPs was visualized in TEM images (Figure 3.1B-D and Figure A5, white
arrows), which was absent in PLGA NPs, suggesting the presence of PEG on the surface
of NPs. TED association efficiency (AE) (%) was evaluated through HPLC-FL analysis.
PLGA, mPEG-TK-PLGA:PLGA NPs and mPEG-PLGA NPs showed AE (%) of,
approximately 93 %, 71 %, and 92 %, and a DL (%) corresponding to 9 %, 7 %, and 8 %,
respectively.

Regarding the NPs' colloidal stability, the physicochemical properties of all
nanoformulations, regarding average size, Pdl, and zeta ({)-potential, were maintained
during the 5 weeks of study in PBS (Figure 3.1E-G) and 24 h in SGF and SIF (Figure A6).

The release of TED from NPs in SGF and SIF is depicted in Figure A7. PLGA and mPEG-
TK-PLGA NPs showed a slight burst release in the first minutes, following a sustained
release of less than 5 % in both media. A slow and prolonged drug delivery is desired to
ensure continuous therapeutic levels, and minimize side effects, which may be

advantageous for IBD condition [49].
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Figure 3.1. Development and characterization of PLGA, mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs. (A) Physico-chemical characterization of optimized formulations by DLS
and LDE. TED AE (%) and DL (%), obtained after HPLC-FL analysis. Results are presented
as mean = SD (n = 3). (B-D) Morphological TEM characterization of PLGA, mPEG-TK-
PLGA:PLGA and mPEG-PLGA NPs, respectively. (E-F) Stability of NPs over 5 weeks stored
at 4°C in phosphate-buffered saline (PBS). (E) Size presented as hydrodynamic diameter,
(F) polydispersity index, and (G) zeta potential. Two-way analysis of variance was
performed to compare multiple independent groups and the post hoc test Tukey’s was used

to compare the differences between those groups. Results are presented as mean £ SD (n
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Reactive Oxygen Species-mediated thioketal cleavage from mPEG-TK-PLGA in reactive
oxygen species-simulated conditions

To assess the ability of the TK linker to be cleaved under ROS-simulated conditions, both
the linker and ROS-sensitive NPs were incubated in water containing 400 mM H»O, and 3.2
uM CuCl,. After washing and freeze-drying, the polymers were analyzed by '"H NMR. Figure
3.2 represents the overlap between the 'H NMR spectra of both the mPEG-TK-PLGA co-
polymer and mPEG-TK-PLGA:PLGA NPs, under and without ROS conditions. The results
demonstrate the absence of the characteristic peaks of the TK linker ( ~2.59 and 2.81 ppm)
after exposure to ROS (Figure 3.2A). The decrease of the PEG peak (~3.51 ppm) was also
evident, both in the mPEG-PLGA-TK co-polymer (Figure 3.2A) and NPs (Figure 3.2B),

being the results in accordance with the expected TK cleavage under ROS stimulus.
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Figure 3.2 - ROS-sensitiveness ability of the TK linker. (A) Comparison of the '"H NMR
spectra of the mPEG-TK-PLGA co-polymer, under (green spectra) and without ROS
conditions (blue spectra). (B) Comparison between the 'H NMR spectra of mPEG-TK-
PLGA:PLGA NPs, under (green spectra) and without ROS conditions (red spectra). The
chemical shift of protons from the groups on the polymer is identified by letters.
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3.6.2 Interaction of cleavable PEGylated nanoparticles with mucus and cells

Nanopatrticles transposition through the mucus

The analysis of the diffusivity of NPs through mucus plays a key role in predicting their

behavior in vivo. The transport of NPs can be assessed by MPT video microscopy [38, 39].

To perform this assay, DiO dye was loaded into PLGA NPs and mPEG-TK-PLGA:PLGA
NPs, as described in the Materials and Methods (section 3.5.1.). After washing, DiO-loaded
NPs were characterized by DLS and LDE and observed in an epifluorescence microscope.
The loading of DiO did not affect the physicochemical properties of the NPs (Figure 3.1A),
which maintained an average size of 212 nm for PLGA NPs, and 228 nm for mPEG-TK-
PLGA:PLGA NPs, and both NPs exhibited homogeneous size distribution (Pdl < 0.3) and
neutral charge. For the MPT analysis, a diluted dispersion of NPs was deposited onto
mucin-based surrogates and left to rest for 2 h at 37 °C. Transport was characterized from
time-lapse videos as severely hindered in all conditions, exhibiting mucus-sub-diffusive
profiles (Figure 3.3A). Still, ROS-sensitive mPEG-TK-PLGA:PLGA NPs have a slightly

enhanced diffusivity in mucus compared with the non-sensitive PLGA NPs control.

Nanopatrticles surface hydrophobicity assay

Rose Bengal assay was conducted to evaluate the surface hydrophobicity degree of the
developed NPs. The results depicted in Figure 3.3B show that the hydrophobicity degree
(%) of bare PLGA NPs was statistically significantly higher (p < 0.05) than mPEG-TK-
PLGA:PLGA NPs, suggesting the latest ones are more hydrophilic, which corroborates the
higher mucus-diffusivity attributed to the presence of PEG [50].
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Figure 3.3 - Diffusivity and hydrophobicity profiles of NPs. (A) Effective diffusivities <Deff>
of different DiO-loaded NPs in mucus surrogates, as a function of time scale, for 1 second
(n = 3). (B) Graphical representation of the hydrophobicity degree of the mPEG-TK-
PLGA:PLGA NPs relative to PLGA NPs. Data are provided as mean + SD (n = 3). An
unpaired t-test was performed to compare the PLGA NPs with mPEG-TK-PLGA:PLGA NPS.

(*) denotes a significant difference (p < 0.05).

Cytotoxicity of teduglutide-loaded nanopatrticles

Ensuring the in vitro safety of drug delivery systems is crucial at the early stages of drug
development, and this may be achieved by the use of biologically relevant cell models.
Caco-2 cells (mimicking enterocytes) and mucus-producing HT29-MTX cells (mimicking
goblet cells) represent the major epithelial populations of intestinal cells in vivo, while
macrophages are key immune players in the intestinal inflamed mucosa [51]. The effect of
different concentrations of free TED, TED-loaded NPs, and empty NPs on the cell viability
of epithelial (Caco-2 clone, HT29-MTX) and immune (THP-1 macrophage-like cells) cells
was assessed by resazurin assay after 24 h of incubation. The results obtained are
represented in Figure 3.4. The NPs did not compromise the metabolic activity levels of the
epithelial and immune cells (above 70 %) over the range of concentrations tested. The
presence of NPs did not affect the viability values of the epithelial and immune cells, which
remained above the 70 % over the range of concentrations tested [52]. At higher
concentrations (500.00 yg mL™"), the NPs appeared to exert a negative effect on the
metabolic activity levels of THP-1 cells, although no differences were observed in

comparison with lower concentrations.
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Figure 3.4 - Results obtained in the resazurin assay for Caco-2 cells, HT29-MTX, and THP1
macrophage-like cells, after 24 h incubation with free TED, TED-loaded, and empty NPs.

Data are given as mean + SD (n = 3).

Cellular uptake of nanopatrticles

It is well-known that dense PEGylation of the surface of NPs facilitates their diffusion
through the mucus layer [53]. Nevertheless, this feature contrasts with critical drawbacks,
such as the poor ability of PEGylated NPs to permeate cell membranes and reach the
intracellular milieu [54]. To assess the role of the PEG layer in the internalization of NPs,
the interaction of NPs (covalently bonded to the PLGA-FKR648 fluorescent co-polymer)
with Caco-2 cells, HT29-MTX cells, human-derived monocytes, and THP-1 cells before and
after ROS exposure was analyzed by flow cytometry. The NPs’ incubation time with cells
was 1 h. The physicochemical characteristics of NPs after the PLGA-FKR648 incorporation
were maintained (Figure 3.1A). Figure 3.5 depicts the internalization profile of fluorescent
MPEG-TK-PLGA:PLGA, mPEG-PLGA:PLGA, and PLGA NPs by both epithelial and
immune cells, with and without ROS stimulus. Data is represented in fold increase
compared to unstained controls. As observed, before ROS exposure, there is a tendency
of the PEGylated NPs to interact less with immune cells (human-derived monocytes and
THP-1 cells), highlighting the stealth effect of PEG on the surface of NPs [55, 56]. After the
removal of PEG from NPs’ surface triggered by the presence of ROS, the newly developed
nanosystem exhibited a statistically significantly higher uptake by epithelial cells when
compared with PEGylated NPs. Regarding the immune cells, there is a higher tendency of
these cells to uptake the mPEG-TK-PLGA:PLGA NPs than mPEG-PLGA NPs. These trends
confirm our hypothesis that, after losing the PEG layer, mPEG-TK-PLGA:PLGA NPs exhibit
an internalization profile similar to those observed for naked PLGA NPs, potentially due to

the exposure of a more hydrophobic surface.
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Figure 3.5 - Quantitative (flow cytometry) assessment of the uptake of NPs in both immune
(Human-derived monocytes and THP-1 macrophage-like cells) and epithelial (Caco-2 and
HT29-MTX) cells, before and after the nanoformulations being exposed to ROS stimulus.
Results are represented as a fold increase relative to unstained controls. Data are
presented as mean + SD (n = 3). (*) denotes significant differences between PLGA and
mPEG-TK-PLGA:PLGA NPs, (¥) denotes significant differences between PLGA and mPEG-
PLGA NPs, and, (%) denotes significant differences between mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs (p < 0.05).

Cell permeability assays

The intestinal permeability of TED, in free form or loaded into NPs, was assessed in a 3D
intestinal model, either in inflamed or healthy control conditions. The inflamed counterpart
was assembled by providing immune-competence and inflammatory conditions to a 3D
model of the healthy intestine previously established by our group [43] (Figure 3.6 A-B).
This previously established model consists of a 21-day Transwell® system comprised of (i)
a layer of human intestinal microvascular endothelial cells, (ii) a lamina propria-like hydrogel
embedding human intestinal fibroblasts (HIF), and (iii) an epithelial layer of enterocytes
(Caco-2 clone) and mucus-producing (HT29-MTX) cells. To achieve inflammation, an
immune cell layer (THP-1 cells) was added to (iii), and a LPS stimulus was applied. The

permeability profile of TED, in the free form or incorporated into NPs, across the healthy

101



Chapter 3

and inflamed 3D intestinal models is represented in Figure 3.6. For all drug formulations,
the permeability of TED in the inflamed model was higher compared to the healthy
counterpart (~2.65 % versus ~0.81 % for free TED; 0.83 % versus 0.67 % for TED-loaded
PLGA NPs; 1.02 % versus 0.78 % for TED-loaded mPEG-TK-PLGA:PLGA NPs). Also, the
entrapment of TED into NPs led to a slight decrease in TED permeability across both
models, which can be attributed to the sustained release of the drug from the polymeric
matrix of the NPs, hence delaying the permeability kinetics. These results are in accordance
with previous studies obtained by our group [57, 58]. The delay in TED permeability kinetics
provided by the encapsulation of the drug into NPs is highly favorable since the local action
of TED can be prolonged, increasing the exposure of the targeted intestinal epithelial cells
to the therapy [59, 60].

TEER values confirmed the maintenance of the integrity of both inflamed and healthy 3D

models over the course of the treatments (Figure 3.6C and 3.6D, respectively).
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Figure 3.6 - Schematic representation of the (A) in vitro 3D intestinal healthy model and the
(B) in vitro 3D intestinal inflammation model. Images created with BioRender.com. TEER
values and permeability profile (% of the initial amount) of free TED, TED-loaded PLGA
NPs, and TED-loaded mPEG-TK-PLGA:PLGA NPs through the 3D in vitro intestinal healthy
(C) and the inflamed model (D), in function of time. (E) depicts the comparison of both
models in terms of TED permeability. All results are represented as mean + SD (n = 3). (*)
denotes significant differences between free TED and TED-loaded PLGA NPs, (¥) denotes
significant differences between TED-loaded PLGA NPs and TED-loaded mPEG-TK-
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PLGA:PLGA NPs, and (%) denotes significant differences between free TED and TED-
loaded mPEG-TK-PLGA:PLGA NPs. When comparing the two models’ permeability, (%)
denotes significant differences in the permeability of TED-loaded mPEG-TK-PLGA:PLGA
NPs, and (*) denotes significant differences in the permeability of TED-loaded PLGA NPs.
(p <0.05).

3.6.3 In vivo biodistribution, and efficacy studies

Acute colitis was induced in C57BCL/6 mice, using 2% (w/v) of DSS in drinking water for 7
days. The disease establishment was evaluated using an inflammatory score based on
weight loss, stool consistency, and rectal bleeding, as previously reported.[61] Inflammation

was also confirmed by colonoscopy, using a Mainz Coloviwe system (Karl Storz).

Biodistribution of nanoparticles

Cy7.5-loaded PLGA, mPEG-TK-PLGA:PLGA and mPEG-PLGA were suspended in PBS
and administered orally or rectally to fasted DSS colitis-induced C57BCL/6 mice. At
predetermined time points (15 and 120 min), the animals were euthanized and IVIS images
of the GIT and colon (in the case of oral or rectal administrations, respectively) were
collected. The tissues were further analyzed by confocal microscopy. Figure 3.7A depicts
the biodistribution experiments chronogram. Focusing on the oral administration of NPs,
we start by analyzing the behavior of NPs through the different segments of the GIT. The
qualitative impairment taken from VIS imaging (Figure 3.7F and G) was correlated with
the semi-quantitative analysis of the total radiant efficiency of the NPs presented in the
tissues (Figure 3.7D and E). From these experiments, it was possible to understand the
ability of NPs to be transported across the GIT. Regardless of the formulation used, NPs
moved through the stomach, reaching the small intestine, and becoming detectable shortly
after 15 min post-administration. This result confirms the stability of the nanosystems in the
harsh environment of the GIT after oral administration. However, mPEG-TK-PLGA:PLGA
seems to be able not only to reach the small intestine but also reach the colon in the 15
min time frame, demonstrating its ability to migrate farther into the GIT and achieve the
target tissue faster (inflamed colon). In addition, the analysis of the maximum distance
covered by the NPs (Figure 3.7C) showed that PEGylated NPs (MPEG-TK-PLGA:PLGA
and mPEG-PLGA NPs) were able to cover roughly 37 % and 36 % of the GIT, respectively,

15 min after the oral administration, while PLGA NPs covered only around 10 % of the GIT
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in the same time frame. PLGA NPs only reached similar values to those obtained by
PEGylated NPs at 15min, 2 h after administration. This difference in the migration and
retention profiles of PEGylated NPs and PLGA NPs can be attributed to the mucus-
penetrating properties of the first ones, in contrast with the mucoadhesive properties of the
last ones, being in accordance with previous results reported in the literature [24, 62].
Confocal microscopy images of transversal sections of the excised tissues collected after
NPs’ oral administration (Figure 3.7H and I) and semi-quantitative data (Figure 3.7J and
K) confirmed the results previously presented. Additionally, it was possible to observe that
PLGA NPs were almost restricted to aggregates in the intestinal lumen (white arrow) while
mPEG-TK-PLGA:PLGA NPs were capable of reaching the epithelial surface and interacting
with the cells (white arrow). Similar results were obtained by Maisel and co-workers [23]
after oral administration of mucus-penetrating and mucoadhesive particles to mice with
DSS caolitis.
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of the segments for the distribution. (C) Total extension of the GIT length covered by NPs

(%). (D and E) Semi-quantitative evaluation of the amount of NPs associated with excised
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tissues. (F and G) Qualitative assessment of the distribution and retention of Cy7.5-loaded
NPs in different segments of the GIT, after oral administration, using NIR imaging IVIS. (H
and I) Representative fluorescent microscopy images of transversal sections in different
segments of the GIT, after 15 and 120 min of oral administration of the NPs. Green, blue,
and red signals correspond to Cy7.5 (associated with NPs), DAPI (nuclei), and CellMask™
Orange Plasma membrane Stain (cell membrane), respectively. Scale bars represent 100
pum. (J and K) Semi-quantitative assessment of the distribution and retention of NPs, based
on the transversal tissue section fluorescence analysis. All results are presented as mean
+ SD (n = 3). (*) denotes significant differences between mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs and (*) denotes significant differences between PLGA and mPEG-PLGA
NPs.

Regarding the rectal administration, the results of NPs’ migration and retention in the colon
followed the same pattern of those obtained after oral administration and are in accordance
with the previous data [24]. Qualitative (Figure 3.8 E and F) IVIS analysis of the excised
colons showed a greater migration of mPEG-TK-PLGA:PLGA and mPEG-PLGA NPs into
the colon compared to PLGA NPs. 15 min after the administration of NPs by rectal enema,
the distribution of PLGA NPs was restricted to the mid-colon, while both PEGylated NPs
were able to reach regions of the proximal colon. This data was reinforced by the maximum
distance of the total length of the colon covered by each NPs type (Figure 3.8B). Coverage
by PLGA NPs was around 57 % after 15 min of rectal instillation and decreased to half 2 h
after administration. In contrast, both PEGylated NPs covered ~80 % of the total length of
the colon in 15 min post-administration and, even after 2 h, the coverage values were almost

the same.

Semi-quantitative (Figure 3.8C and D) data of NPs’ retention was inferred from the total
radiant efficiency values obtained from the colon. Both PEGylated NPs presented higher
values of total radiant efficiency than PLGA NPs. After 120 min, the total radiance efficiency
obtained was 100 times lower than that obtained 15 min after rectal administration of the
NPs. Indeed, PEGylated NPs seem to provide better retention in colonic tissues compared
to PLGA NPs. Globally, these results can be related to the ability of PEGylated NPs to
transpose the mucus barrier more efficiently than mucoadhesive PLGA NPs, achieving the
deeper layer of the mucus barrier and the epithelium, being protected from turnover and
clearance mechanisms [63]. Qualitative (Figure 3.8G and H) and semi-quantitative (Figure
3.8l and J) confocal microscopy imaging of the colonic excised tissues, showed no

differences between formulations in the distribution of NPs through the colon, after 15 min,

105



Chapter 3

except for the newly developed ROS-sensitive nanosystem that presented higher signal
intensity in the distal colon. 120 min after rectal administration of the NPs, once again,
PEGylated NPs seem to be retained in the lumen, while PLGA and mPEG-TK-PLGA:PLGA
NPs appear to be already internalized by the cells. PEG modification seems to enhance not

only the distribution of NPs throughout the colorectal mucosa but also prolong their

residence time, confirming the stealth effect commonly associated with PEG.
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Figure 3.8. Distribution of NPs through the colon, after rectal administration. (A) Schematic
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on the transversal tissue section fluorescence analysis. All results are presented as mean
+ SD (n = 3). (*) denotes significant differences between mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs and (%) denotes significant differences between PLGA and mPEG-PLGA
NPs.

Treatment efficacy

In vivo efficacy of the TED-loaded cleavable PEGylated NPs was evaluated in DSS-induced
colitis C57BCL/6 mice (Figure 3.9A). Treatment groups (free TED oral, free TED sc, TED-
loaded PLGA, mPEG-TK-PLGA:PLGA, and mPEG-PLGA NPs), were applied once per
day, for 5 consecutive days in diseased animals. Additionally, healthy mice and diseased

mice orally treated with PBS were used as controls.

Figure 3.9B depicts the colonoscopy images of all groups tested. Colonoscopy analysis
allowed us to have a real-time perception of the colonic environment of mice. The
differences between the healthy and disease controls are evident, mostly in the presence
of blood and stool consistency. The non-treated disease control presents blood in the tissue
walls and rectum fluids, and the feces appear to be stuck to the entire colon tract, probably
due to the surrounding inflammatory environment. Regarding the different treatment
conditions, free TED, orally and subcutaneously administered (TED oral and TED sc,
respectively) seem to be the less effective due to the harsh inflammation environment
noticed even after 5 days of treatment. Animals treated with free TED sc showed an
inflammation environment more aggressive than the disease control group, with the
presence of blood in the rectum and evident ulcers (white arrows). TED-loaded NPs, in
turn, presented a more controlled inflammation in the colon, similar to what is observed in

the healthy control group.

In conventional IBD treatments, that mainly rely on anti-inflammatory medications, the
priority is to reduce inflammation and then achieve mucosal healing. Our proposal comes
the other way around: we hypothesized that by increasing the local concentration of TED,
we could promote mucosal healing and consequently, reduce inflammation. Figure 3.9C
represents the body weight changes (%) of all experimental groups during efficacy
experiments. It is possible to observe that, besides the healthy control, all experimental
groups presented a decrease in weight after DSS induction and a weight increase in the
final days of the assay. Non-treated diseased control, mPEG-PLGA NPs, mPEG-TK-PLGA
NPs, and TED sc, were the groups that presented a higher decrease in the body weight of
animals. However, when looking at the survival rate (%) (Figure 3.9D), we observe that the

animals from the mPEG-TK-PLGA NPs group were able to recover from this prominent
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weight loss, while the remaining groups lost some animals. As such, for the last days of
treatment, the calculations were readjusted for different numbers of animals per group,
given the loss of animals in the non-treated diseased control, mPEG-PLGA NPs, and TED
sc groups. This was also applied to the disease score rate (Figure 3.9E), obtained after the
analysis of H&E stained colonic samples, using a brightfield microscope (Leica DM2000
LED) (Figure 3.9F). Thus, it is important to note that, although it seems that mPEG-PLGA
NPs are more effective in treating inflammation than mPEG-TK-PLGA NPs, we are actually
and inevitably comparing groups with different final numbers of animals, since mMPEG-PLGA
NPs had some losses during the experiment. In this way, we can state that all groups of
NPs appear to be more effective in treating IBD than TED in its free forms, however, the
time needed for mMPEG-PLGA NPs to be effective did not allow the survival of all animals.
The disease score rate was based on mucosal destruction, immune cell infiltration, and the
thickening of the musculoskeletal layer, where “0” is related to the absence of inflammation
and “1-3” is related to the inflammation degree (1 - low inflammation; 2 - medium

inflammation; 3 - high inflammation).

Mucosal healing is an important therapeutic goal in IBD as it is associated with better long-
term outcomes and a lower risk of disease relapse. [64] The healing impact of TED-loaded
NPs in DSS-triggered colitis is correlated with alterations in the rates of cell growth in the
colon. Both the colon length (Figure A8) and Ki67 immunostaining in colon tissues (Figure
A9) were conducted to examine whether the treatment influences the proliferation of crypt
cells. A higher colon length was found in all treatment groups compared to the non-treated
diseased control group. Significant differences were noted between the diseased group and
both the mPEG-TK-PLGA:PLGA NPs, TED oral, and healthy control groups. Ki67 stainings
were presented as a percentage of positive cells among all crypt-tissue cells, and data was
evaluated after the scanning of colonic tissue laminas, using the QuPath software, v0.5.1
(Figure 3.9G). The average score for each portion was defined as the sum of Ki67-stained
epithelial cells over the sum of the cells present in the entire section area, in each analyzed
tissue segment. The final result was expressed after normalization of the percentage of
positivity to the smallest area analyzed in each portion. All the results were validated by a
pathologist. The expression of Ki67 increased in colon tissues following treatment with
MPEG-TK-PLGA:PLGA NPs. Also, a similar profile of Ki67 expression was observed
between the developed ROS-sensitive nanosystem and healthy animals, indicating the

therapeutic advantage of the new treatment approach herein proposed.

The pathogenesis of IBD involves a complex interplay of genetic, environmental, and
immunological factors, and cytokines play a crucial role in the development, recurrence,

and exacerbation of the inflammatory process in IBD.[65, 66] Pro-inflammatory cytokines,
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namely TNF-a, IL1-B, and IL-6, known by their central contribution to IBD initiation and
progression, were quantified in colonic tissues using a multiplex immunoassay. TNF-a is a
key initiator of inflammation. It is produced by immune cells, especially macrophages and
T cells, and plays a central role in the recruitment and activation of immune cells in the
gastrointestinal mucosa. Elevated levels of TNF-a are consistently found in the inflamed
mucosa of individuals with IBD, and there is a correlation between higher TNF-a
concentrations and disease severity. This cytokine is considered a hallmark of the
inflammatory process in IBD [65]. TNF-a levels in colonic tissues (Figure 3.9H) were
consistent with previous showed efficacy data. The cleavable PEGylated mPEG-TK-
PLGA:PLGA NPs presented lower levels of this pro-inflammatory cytokine, similar to those
quantified in the healthy control group. IL1-B, in turn, emerges as a pivotal player in the
realm of inflammation and tissue damage associated with IBD. This cytokine contributes to
the disruption of the intestinal barrier and influences the differentiation and function of T-
helper (Th) cells [67]. In this way, low levels of IL-1B in the tissue after treatment
administration, as we can observe in those of the mPEG-TK-PLGA:PLGA NPs group, may
dictate an increase in mucosal healing, compared to the other treatment groups. Lastly, IL-
6 plays a crucial role in the uncontrolled intestinal inflammatory process, and it was reported
that the increase of IL-6 levels in IBD was reflected in increasing the disease severity.[68]
Our results were in accordance with the data obtained for TNF-a and IL-1B3 cytokines,
showing lower values in the newly developed mPEG-TK-PLGA:PLGA NPs, highlighting its

potential for the treatment of IBD.
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healthy and DSS-colitis-induced mice untreated and treated with TED. (G) Ki67
immunohistochemical analysis of the tested groups. (H) Pro-inflammatory cytokines
quantification in tissue. Data is represented as mean + SEM (n = 4 - 6). (*) denotes
significant differences between the healthy and the non-treated diseased groups, (¥)
denotes significant differences between the healthy and TED sc groups, (*) denotes
significant differences between the healthy and mPEG-TK-PLGA NPs groups, () denotes
significant differences between the healthy control and the mPEG-PLGA groups. (@)

denotes significant differences between the healthy control and the TED oral groups. (p <
0.05).

3.7 Conclusions

A ROS-sensitive cleavable PEGylated nanosystem was developed to effectively deliver
TED in the context of IBD treatment. Due to the lack of effective treatment options, we
proposed the use of TED, considering its intestinotrophic and anti-inflammatory properties.
To our best knowledge, this is the first proof-of-concept study of stimulus-responsive NPs
encapsulating TED for the treatment of IBD. The developed nanosystem was shown to have
suitable characteristics for intestinal drug delivery, with an average size of 200 nm, Pdl lower
than 0.3, and a neutral charge. The ability of the NPs to de-PEGylate in the presence of
ROS was confirmed by the absence of TK linker signal in '"H NMR spectra, after ROS
exposure. The newly developed ROS-sensitive nanosystem did not compromise the
metabolic activity levels of epithelial and immune cells. Moreover, it showed good
interactions with cells and tissues. Permeability studies in 3D in vitro cell models highlighted
the desired local action of NPs. The in vitro outcomes were then confirmed in vivo through
biodistribution and efficacy tests. ROS-sensitive, cleavable PEGylated NPs showed the
ability to diffuse faster through the GIT and were able to reach the targeted tissues. When
compared to TED sc, which consists of the TED standard of care, TED-loaded NPs
presented better outcomes in reducing inflammation and promoting mucosal healing.

Overall, it was developed a targeted nanosystem with promising potential in the

management of IBD.
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4.1 Conclusions

Inflammatory Bowel Disease (IBD) consists of a group chronic gastrointestinal (Gl)

inflammatory conditions, which includes Ulcerative Colitis (UC) and Crohn’s Disease (CD).

IBD increased with the increase of industrialization in developed countries and is,
nowadays, a global health challenge. Its complex etiology and pathophysiology make it

difficult to find a definitive cure.

In Chapter 2, | reviewed the conventional treatment applied to IBD patients and it is clear
the urgent need for newly efficient therapies. IBD treatment is associated with low drug
bioavailability, low efficacy, or loss of efficacy during the time, low specificity, and several
side effects. New therapies using peptides, and specifically, GLP-2 analogs showed
promising results in treating IBD, due to their intestinotrophic and anti-inflammatory effects.
However, GLP-2 analogs are easily degradable, translating into low bioavailability and
accumulation at the site of action and, consequently, low efficacy. Moreover, due to its
properties, GLP-2 needs to be administered by injection, resulting in poor patient
compliance. As mentioned before, the use of nanoparticles (NPs), specifically, stimulus-
responsive NPs, for the oral delivery of GLP-2 analogs can overcome these problems. NPs
can be engineered to release the drugs in the site of action when exposed to site-specific

or external stimuli, increasing the drugs' bioavailability and, consequently, their efficacy.

In this thesis, | developed a reactive oxygen species (ROS)-sensitive nanosystem to target

the inflamed colon epithelium and effectively deliver the teduglutide (TED), a GLP-2 analog.

The nanosystem is composed of a poly(lactic-co-glycolic acid) (PLGA) matrix, covalently
bonded to the polyethylene glycol (PEG) polymer through a ROS-sensitive linker, the
Thioketal (TK) linker - mPEG-TK-PLGA:PLGA NPs. The PEGylation allows the NPs
transposition through the mucus but its subsequent removal is essential for drug interaction

with the epithelium. This de-PEGylation is triggered by the presence of the TK linker.

ROS-sensitive NPs were developed by the double emulsion solvent evaporation method,
using dichloromethane and poly(vinyl alcohol) (PVA) as organic phase and surfactant,
respectively. The final optimized formulation was composed of 90 % PLGA and 10% mPEG-
TK-PLGA and allowed to obtain NPs with an average size of 200 nm, homogeneous size
distribution, and neutral charge. Moreover, NPs were able to carry TED with an association

efficiency (AE %) and drug loading (%) of around 70 % and 7 %, respectively.

Cleavable PEGylated NPs demonstrated to be more hydrophilic than bare PLGA NPs. This

is particularly important for mucus transposition since hydrophobic NPs tend to adhere to
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the mucus. Besides, NPs demonstrated to have a sub-diffusive profile in mucus surrogates.
Additionally, ROS-sensitive NPs were able to fully de-PEGylate when in contact with a ROS-
simulated environment. The cleavage was proven after '"H NMR spectrum analysis, showing

the absence of TK linker peaks, and a decrease in PEG peaks, after ROS exposure.

Metabolic assays conducted in both epithelial and immune cells emphasized the safety of
empty and TED-loaded NPs, in a wide range of concentrations (0.10; 1.00; 10.00; 100.00
pg.mL", expressed as the amount of TED). Moreover, the interaction of ROS-sensitive NPs
with these cells before and after exposure to a ROS stimulus highlighted our hypothesis
suggesting that, upon losing the PEG layer, mPEG-TK-PLGA:PLGA NPs have an uptake
behavior similar to that of bare PLGA NPs, probably due to the exposure of a more
hydrophobic surface. After this, the absorption profile of TED when encapsulated within NPs
was tested in 3D healthy and diseased in vitro intestinal models, previously developed and
established by our group. The loading of TED into NPs resulted in discreet permeability in
both healthy and inflammation models, potentially indicating a local epithelial action of the

drug.

The biodistribution and efficacy of TED-loaded ROS-sensitive NPs were assessed in a 2 %
(w/v) dextran sodium sulfate (DSS) colitis-induced C57BCL/6 mice model. For
biodistribution assays, cyanine7.5 (Cy7.5)-loaded NPs were administered orally or rectally
to fasted mice. After pre-determined time-points, animals were euthanized and IVIS images
of the GIT and colon (depending on the administration route) were collected. All groups of
orally administered NPs (PLGA, mPEG-PLGA, and mPEG-TK-PLGA:PLGA NPs) were able
to reach the small intestine in the 15 min time-frame. Moreover, ROS-sensitive NPs were
detectable in the colon in the same interval, highlighting their ability to faster cross the GIT
and achieve the target tissue (inflamed colon). Besides, the newly developed nanosystem,
showed to cover roughly 37 % of the GIT within the 15 min time-point, while PLGA NPs only
cover around 10 %. This accentuated the differences between PEGylated and non-
PEGylated systems in terms of NPs’ migration and highlighted the need for PEGylated
surfaces to faster cross the GIT. The biodistribution profile of NPs after rectal administration
followed the same patterns as the oral route. After 15 min post-administration, ROS-
sensitive NPs were able to reach areas of the proximal colon, while PLGA NPs were
restricted to the mid-colon. Moreover, the colon area covered by ROS-sensitive NPs in this

time frame was approximately 80 %, while PLGA NPs covered just 57 %.

For efficacy studies, the treatments (free TED oral, free TED sc, TED-loaded PLGA, mPEG-
TK-PLGA:PLGA, and mPEG-PLGA NPs), were administered once per day, for 5
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consecutive days in diseased animals. Additionally, healthy mice and diseased mice orally

treated with PBS were used as controls.

After 5 days of treatment, colonoscopy analysis showed remission of mucosa inflammation
of mice treated with mPEG-TK-PLGA:PLGA NPs, presenting a colonic environment similar
to those of the healthy group. Moreover, these animals were able to recover from a
prominent weight loss (%). The disease score rate, obtained after the analysis of H&E-
stained colonic samples, demonstrated that all NPs tested seem to be more effective in
treating IBD than TED in its free forms. Additionally, the intestinotrophic effect of TED loaded
into NPs was observed by ki67 immunohistochemistry, where both PLGA and mPEG-TK-
PLGA:PLGA NPs showed a higher proliferation rate (%) compared to the other treatment
groups and similar to healthy animals. Lastly, the newly developed nanosystem showed the
ability to reduce the tissue levels of pro-inflammatory cytokines, highlighting its potential for
the treatment of IBD.

Overall, the ROS-sensitive NPs developed in this work hold an enormous potential for the
targeted delivery of IBD drugs into inflamed tissues. Although limited by the high inter-
animal variability, there are several indicators of the healing and anti-inflammatory action of

TED in diseased tissues when carried by ROS-sensitive NPs.

4.2 Future Perspectives

Being a scientist is being a question-holder and so, there is always the feeling that the work

will never be completed, always still having questions to answer, and changes to make.

As future perspectives, it would be interesting to explore the direct impact of our ROS-
sensitive NPs in more robust cell models of the inflamed intestine, observing
microscopically the mucosal repair and the decrease of inflammation. Moreover, due to the
lack of these models, it would be exciting to develop a dynamic 3D intestinal inflammation
model, able to replicate not only the intestinal mucosa but also the peristaltic movements of

the bowel and blood circulation.

Besides this, exploring more deeply the in vivo studies could bring new insights into the
effectiveness of our nanosystem. For instance, other inflammatory markers such as
metalloproteinases (MPO) could be analyzed. Moreover, other animal models of IBD should
be considered, since no single model resembles the complexity of human IBD. In this study,
the effect of NPs was studied in an acute DSS-induced colitis mice model, which is a better

model for UC regarding its immunological response. The TNBS colitis model, in turn,
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resembles better some immunological and histopathological features of CD, being broadly
used to study this disease [1]. The use of different models of IBD, either chemically induced,
spontaneous or immune cell induced or genetically engineered models, offers the possibility
to confirm the efficacy of NPs focusing on different aspects of the disease [2-4]. The NPs
should be tested also in chronic models of IBD since the chemical injury provided by acute
models presents self-limiting inflammation and does not reflect the chronic disease [2]. One
of the main physiological differences between CD and UC is the thickness of the mucus
layer. The mucus layer in UC is thinner and discontinuous [5] and so, in areas without
mucus, non-PEGylated NPs can easily achieve the epithelium and exert their activity (as
observed). In CD, the mucus layer is sometimes even thicker than in healthy individuals. In
this type of disease, our ROS-sensitive NPs could have a higher impact, thus increasing
the effectiveness of the treatment. Furthermore, it would be interesting to study the
differences in the transit time of healthy and IBD-induced mice, given the limited information

available.

Although efficacy studies showed regression of the intestinal inflammation of DSS-induced
colitis mice treated with TED-loaded NPs, bioavailability studies would confirm the presence
and amounts of TED in the target tissues as well as in other relevant organs and
bloodstream. In addition, safety studies could be performed to assess the effects of TED-

loaded NPs after extended administration periods.

Finally, and due to the crucial role of microbiota in IBD, the evaluation of the interactions
established between the NPs and intestinal microbiota could also be addressed. Changes
in the intestinal microbiota promoted by NPs and the impact of the microbiota in NPs

properties and stability could be another interesting parameter to test.

The encapsulation of other anti-IBD drugs within ROS-sensitive NPs and its co-
administration with TED-loaded NPs may be considered to achieve a higher effect in

treating IBD.

Translating this work into a commercial product is a goal, although there is still a long road
ahead. In this work, ROS-responsive NPs were suspended in a saline solution to be orally
administered to animals. This strategy is not the most desirable when translating into clinical
testing since stability issues would arise as well as storage and administration problems.
The use of oral platforms for NPs administration may be a most feasible approach. This can
be achieved by including the NPs into capsules or formulating NPs in pills, implying the
freeze-drying of the NPs. In this sense, understanding and optimizing the freeze-drying
process of the formulation is imperative in order to ensure a long shelf-life of the dried

product and to retain NPs properties once resuspended in fluids. Meanwhile, the production
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of the ROS-sensitive NPs could also be tested on an industrial scale to determine whether
the system is capable of retaining the same characteristics and whether the time of

production could be improved.

Overall, this thesis was the result of multidisciplinary work, involving engineering, biology,
chemistry, and materials that allowed me to acquire knowledge in all those different areas
while growing up as a scientist. The industrial collaboration increased my focus directly on
a product that will positively impact IBD patients' lives. A nanosystem with good properties
and efficacy outcomes for managing IBD was developed, and | truly believe that this work
can be a robust beginning of a commercial product that will enhance the quality of life for
patients with IBD.
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This appendix includes the supplementary information that supports Chapter 3 but also

independent assays that were performed during the optimization of the nanoformulations.
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A1.1 Supplementary materials

3-mercaptopropionic acid was purchased by Merck Life Sciences and the anhydrous

acetone was acquired from VWR. PLGA-Rhodamine was acquired by RuixiBiotech®.

A1.2 Supplementary methods
A1.2.1 Synthesis and characterization of the ROS-sensitive thioketal linker

Thioketal (TK) linker, a ROS-sensitive linker, was synthesized by adding 3-
mercaptopropionic acid (4.8 mL, 0.055 mol) to anhydrous acetone (2.1 mL, 0.029 mol). After
that, 1 mL of trifluoroacetic acid (TFA) was added and the mixture was stirred for 12 h under
nitrogen flow. Then, 20 mL of water was added to the mixture and chilled in ice until
crystallization was complete [1]. After this, it was washed 4 times with 20 mL of cold water.
The product was collected by centrifugation and then freeze-dried. The chemical reaction

of the linker synthesis is depicted in Figure A1.

O

+ /\i . j\/\ X /\)O]\
)J\ HS OH HO S” 'S OH

Figure A1 - Representation of the chemical reaction of the TK linker synthesis.

"H Nuclear Magnetic Resonance characterization

TK 'H Nuclear Magnetic Resonance (NMR) spectra were acquired on Bruker Avance I
400 (Billerica, MA, United States) spectrometer. TK linker, 3-mercaptopropionic acid,
acetone, and the commercial co-polymer were dissolved in d6-DMSO, and the analysis was

made at RT, 400 MHz, with 10s relaxation time and 90° pulse.

Electrospray ionization-mass spectrometry characterization (ESI-MS)

TK linker was characterized by liquid chromatography (LC) coupled to an Orbitrap Q-
Exactive (Thermo Scientific) mass spectrometer using a nanospray ionization source (Easy-
spray, Thermo Fisher Scientific). The linker was dissolved in acetonitrile (2 mg.100uL") and
then was diluted 10 times (2 ng.10 uL™") and dissolved in 0.1 % of formic acid.
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A1.2.2 Development of cleavable PEGylated nanoparticles encapsulating
teduglutide

Teduglutide in vitro release

TED-loaded NPs were dispersed in simulated gastric fluid (SGF) (NaCl (0.2 % (w/v)), HCI
(8 % (w/v), 1 M), and simulated intestinal fluid (SIF) (KH2PO4 (0.68 % (w/v)) and NaOH
(7.7 % (v/v), 0.2 N)), and incubated at 37 °C for 120 and 480 min, respectively. At pre-
determined time points (15, 30, 60, and 120 for the SGF incubated samples and 15, 30, 60,
120, 240, and 480 for the SIF incubated samples), 1 mL aliquots were collected, and the

amount of TED released from the NPs over time was quantified by fluorescence.

Teduglutide association efficiency (AE %)

TED-loaded NPs with 5, 10, and 15 % of theoretical drug loading (DL), were produced as
described in section 3.5.1, and characterized for hydrodynamic diameter, polydispersity
index (Pdl), and charge by DLS. After characterization, the NPs were freeze-dried,
destroyed using DMSO and the amount of TED encapsulated was quantified by the intrinsic
fluorescence of the peptide, fluorescence spectroscopy after fluorescamine derivatization,
and HPLC-FL. Moreover, the impact of the percentage of the mPEG-TK-PLGA co-polymer
in the TED AE (%), was also evaluated. TED-loaded NPs with increasing percentages of
the mPEG-TK-PLGA co-polymer (10, 25, 50, AND 100 %) were produced and characterized
regarding their physicochemical properties. The amount of TED loaded into the NPs was
assessed by HPLC-FL.

A1.2.3 Interaction of cleavable-PEGylated nanoparticles with mucus and cells

Nanopatrticles transposition through the mucus

The analysis of the transport of NPs through the mucus was performed as described in
section 3.5.2. Multiple particle tracking (MPT) video microscopy was employed to
characterize the transport of NPs in porcine mucus and mucus surrogates. Diluted
fluorescent NPs, both encapsulating the DiO dye or covalently bonded to the co-polymer
PLGA-Rhodamine (PLGA-Rho) (0.008 % w/v) were dispersed in porcine mucus and mucin-
based preparations (5 % w/v mucin-type Il from the porcine stomach in PBS). After this,

time-lapse videos were recorded using epifluorescence microscopy, and these videos were
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then analyzed using the ImageJ/Fiji (v. 2.14.0) and the MosaicSuite 2D/3D single-particle

tracking plugin that can identify each particle in each frame to build the trajectories.

A1.2.4 Teduglutide oral bioavailability

Teduglutide oral bioavailability

Acute colitis was established in C57BCL/6 mice by administering 2% (w/v) of dextran
sodium sulfate (DSS) in drinking water over 7 days. The onset of the disease was assessed
through an inflammation scoring system that considered factors such as weight loss, stool
consistency, and rectal bleeding. Additionally, inflammation was verified via colonoscopy

using a Mainz Coloviwe system from Karl Storz, Germany.

Oral bioavailability of TED was evaluated after the oral administration of TED loaded into
PLGA, mPEG-TK-PLGA:PLGA, and mPEG-PLGA NPs, in a dose of 5 mg.kg™'. As a control,
TED was administered subcutaneously (sc), in a dose of 0.1 mg.kg™" (TED standard of
care). Treatments were applied to fasted mice (12 h fast). At predetermined time points (15,
30, 60, 120, and 360 min) after treatment administration, mice were anesthetized and
euthanized by heart punch for blood collection. Then, several organs such as the stomach,
intestine, liver, heart, and lungs, were collected and frozen at -80 °C, for further TED

quantification.

TED serum and tissue concentrations were determined using reverse phase ultra-high-
performance liquid chromatography coupled with tandem mass spectrometry ((RP)UHPLC-
(Orbitrap)MS/MS).

A1.3 Supplementary Results and Discussion

A1.3.1 Synthesis and characterization of the ROS-sensitive thioketal linker

The synthesis of the TK linker was successfully developed with a relative percentage yield
of 75.41 %.
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'H Nuclear Magnetic Resonance characterization

"H NMR analysis was performed to confirm the chemical structure of the synthesized linker

and the purchased mPEG-TK-PLGA co-polymer.

Figure A2 represents the TK linker '"H NMR spectrum in DMSO-d6 and shows the
correlation between the peaks of the '"H NMR spectrum and the chemical formula of the TK
linker. The presence of the 1.53 ppm peak, correspondent to the —CH3 protons, confirms
the establishment of the TK linker. Figure A3 depicts the mMPEG-TK-PLGA co-polymer 'H
NMR spectrum in DMSO-d6 and also, the correlation between the peaks of the '"H NMR
spectrum and its chemical formula. Although some impurities have been found it was
possible to identify the main peaks. The 'H-NMR spectrum shows the peaks at ~2.59 and
~2.81 ppm, corresponding to the —CH2 protons of the TK linker. Two other peaks were also
observed including the ~3.51 and the ~1.47 ppm peaks, characteristics of the -CH2-CH2
protons in the PEG segment and -CH3 in the PLGA segment, respectively.

PO

2740 ©
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[

Figure A2 — Representative '"H NMR spectra of TK linker obtained in DMSO-d6.
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Figure A3 - Representative '"H NMR spectrum of mPEG-TK-PLGA co-polymer, dissolved
in DMSO-d6.

Electrospray ionization-mass spectrometry characterization (ESI-MS)

The TK linker was also characterized by ESI-MS. Figure A4 represents the TK linker ESI-
MS spectrum dissolved in acetonitrile. It is important to note that this technique used 1
proton of the sample for the analysis. In this way, the relative abundance of 251 confirms
the purity of the linker, since its theoretical molecular mass is 252 g.mol" and the 251+1
proton used is equivalent to 252 (H (1) x 16 + O (16) x4 + C (12) x 9+ S (32) x 2).

T: FTMS - p NSI Full ms [180.0000-500.0800]
1001 2510364

252.03857 253.03149

250.99828 2?, 8646 251929081252109250 1253.17343 25403474 255.02710 255.22675
T T e T T

T Tl T T R b A B i o ) e T
2505 251.0 2515 2520 2525 2530 2535 2540 2545 255.0
mz

Figure A4 - ESI (-) MS spectrum depicting [M — H] — ion peaks of TK linker, dissolved in

acetonitrile.
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A1.3.2 Development of cleavable PEGylated nanoparticles encapsulating
teduglutide

Development and characterization of nanoparticles

PLGA NPs

PLGA NPs

mPEG-TK-PLGA

mPEG-PLGA NPs

Figure A5 - Morphological TEM characterization of PLGA, mPEG-TK-PLGA:PLGA and
mPEG-PLGA NPs, using two different magnifications (100 000X and 150 000X). White
arrows represent the PEGylation shell in both mPEG-TK-PLGA:PLGA and mPEG-PLGA
NPs. White bar scale means 100 nm.
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Figure A6 - Stability of NPs over 24 h stored at 4 °C in both SGF and SIF. (A) Size presented
as hydrodynamic diameter, (B) polydispersity index, and (C) zeta potential. Two-way
analysis of variance was performed to compare multiple independent groups and the post
hoc test Tukey’s was used to compare the differences between those groups. Results are

presented as mean £ SD (n = 3)
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Figure A7 — In vitro release profile of teduglutide from NPs, under (A) simulated gastric fluid
(pH 1.2) and (B) simulated intestinal fluid (pH 6.8), for 120 and 480 min, respectively.
Results are presented as mean + SD (n = 3).

Teduglutide association efficiency (AE %)

mPEG-TK-PLGA:PLGA NPs, incorporating different DL of TED were characterized
regarding their physicochemical properties, and the amount of TED loaded into the NPs
was quantified through intrinsic fluorescence of the peptide, fluorescence spectroscopy
after fluorescamine derivatization, and HPLC-FL (Table A1). The average size and charge

of the NPs were maintained in all the formulations tested, however, the increase in DL led
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to an increase in the Pdl, suggesting the existence of a heterogeneous size distribution of
NPs, namely those with 15 % DL. For that reason, 10 % DL was chosen for this thesis work.
Between the quantification methodologies, since there was no concordance between the

analysis, we decided to continue with the HPLC-FL method, due to its higher sensitivity.

Additionally, TED-loaded NPs with increasing amounts of the mPEG-TK-PLGA:PLGA co-
polymer were produced and characterized regarding their physicochemical characteristics
(Table A2). NPs presented average sizes of 200 nm, with a narrow size distribution and
neutral charge. Curiously, the increase of the co-polymer (%), led to a decrease in the DL
(%).

Table A1 — Physicochemical characterization of mPEG-TK-PLGA:PLGA nanoparticles, with
different TED loadings and TED quantification methodologies. Values represent the media
1+ SD (n =3).

¢-potential Quantification

Samples = Size (nm) Pdl AE (%) DL (%)
(mV) method
5% DL 209+ 4 0.125 + 0.020 -0.6+0.1 HPLC 55+13 2.7+0.7
10 % DL 222 +4 0.217 £ 0.036 -0.8+0.3 HPLC 71+14 71+14
15% DL 216 + 12 0.184 + 0.076 -0.9+0.3 HPLC 31+9 47+1.3
5% DL 207t 4 0.149 + 0.024 -0.7+0.2 Fluorescamine 21+8 11+04

10 % DL 215+7 0.230 + 0.024 -1.0+0.2 Fluorescamine 20+5 20+05

15 % DL 232 +7 0.319 +0.014 -0.9+0.2 Fluorescamine 31+6 46+0.9

Intrinsic
5% DL 207 + 4 0.149 £ 0.024 -0.7+0.2 36+10 1.8+05
fluorescence
Intrinsic
10 % DL 215+ 7 0.230 £ 0.024 -1.0+0.2 42 +3 4.2+0.3
fluorescence
Intrinsic
15 % DL 232+7 0.319 £ 0.014 -0.9+0.2 46+ 9 6.8+14

fluorescence
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Table A2 — Physicochemical characterization of different formulations increasing mPEG-
TK-PLGA content. Values represent the media £ SD (n = 3).

Size ¢-potential
Samples Pdl AE (%) DL (%)
(nm) (mV)

10mPEG-TK-PLGA:90PLGA NPs = 222+4  0.217 +£0.036 -0.8+0.3 71+14 7.1x14
25mPEG-TK-PLGA:75PLGA NPs = 193+13 0.124 +0.053 -2.1+0.0 21+3 21+03
50mPEG-TK-PLGA:50PLGA NPs = 188+4 | 0.141 +0.070 -2.2+0.3 15+2 15+0.2

100mPEG-TK-PLGA NPs 247 +£44 | 0.259 + 0.090 -2.2+0.7 11+1 11+01

A1.3.3 Interaction of cleavable-PEGylated nanoparticles with mucus and cells

Nanopatrticles transposition through the mucus

The transport of NPs through porcine mucus and mucus surrogates was analyzed by MPT.

To perform this assay, fluorescent PLGA, mPEG-PLGA, and mPEG-TK-PLGA:PLGA NPs
were developed and characterized regarding their physicochemical properties (Table A3).
The loading of DIO and the bounding of PLGA-Rho did not affect the physicochemical
properties of the NPs. For the MPT analysis, a diluted dispersion of NPs was deposited
onto porcine mucus and mucin-based surrogates and left to rest for 2 h at 37 °C. Transport
was characterized from time-lapse videos as severely hindered in all conditions, exhibiting
mucus-adhesive and mucus-sub-diffusive profiles, in both porcine mucus and mucus
surrogates, respectively. These differences can be explained by the small width of collected
mucus mesh, which may not let NPs with about 200 nm pass through. Moreover, the impact
of the surfactant in the formulation development seemed to not interfere with the mucus
diffusion of NPs, since the sub-diffusive profile of the NPs was maintained even after the
production of NPs without surfactant. Also, contrary to what was expected, increasing the
percentage of PEG in the systems did not improve the diffusion of NPs, being all sub-
diffusive, despite the percentage of PEG used. Still, ROS-sensitive mPEG-TK-
PLGA:PLGA NPs seem to have a slightly enhanced diffusivity in mucus compared with the
non-sensitive PLGA NPs control (Figure 3.3A).
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Table A3 - Physicochemical characterization of fluorescent nanoparticles.

the media £ SD (n = 3).
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Values represent

Samples Production method  Size (nm) Pdl ¢-potential (mV)
75 PLGA: 25 PLGA-Rho Double emulsion 2027 0.055 + 0.037 -1.03+£0.12
65 PLGA: 10 PLGA-PEG: )
Double emulsion 197 +3 0.050 + 0.013 -1.11 £ 0.10
25 PLGA-Rho
65 PLGA: 10 PLGA-TK- )
Double emulsion 204 +1 0.082 £ 0.019 -1.79 £ 0.36
PEG: 25 PLGA-Rho
55 PLGA: 20 PLGA-PEG: )
Double emulsion 2072 0.075 + 0.026 -0.85 £ 0.08
25 PLGA-Rho
50 PLGA: 25 PLGA-PEG: )
Double emulsion 2036 0.048 + 0.020 -1.91+0.16
25 PLGA-Rho
50 PLGA: 25 PLGA-TK- )
Double emulsion 198 £ 2 0.031 + 0.006 -1.91 £0.37
PEG: 25 of PLGA-Rho
Nanoprecipitation
75 PLGA: 25 PLGA-Rho (water with 0.1% 1522 0.101 £0.012 -46.83 £2.02
Tween80)
65 PLGA: 10 PLGA-PEG: Nanoprecipitation
125+2 0.097 £ 0.013 -13.23+1.21
25 PLGA-Rho (water)
65 PLGA: 10 PLGA-TK- Nanoprecipitation
1642 0.094 £ 0.001 -8.26 £ 0.36
PEG: 25 PLGA-Rho B (water)
50 PLGA: 25 PLGA-TK- Nanoprecipitation
691 0.159 £ 0.013 -21.20+£0.93
PEG: 25 of PLGA-Rho (water)
25 PLGA: 50 PLGA-TK- Nanoprecipitation
72+1 0.114 + 0.003 -13.60 + 0.62
PEG: 25 PLGA-Rho (water)
75 PLGA-TK-PEG: 25 Nanoprecipitation
85+0 0.124 £0.012 -7.62 +£0.33
PLGA-Rho (water)

DiO-loaded PLGA Double emulsion 212+1 0.069 +0.014 -0.96 £ 0.16
DiO-loaded mPEG-PLGA Double emulsion 212 +5 0.191 +0.013 -7.97 £0.08
DiO-loaded 10mPEG-TK- )

Double emulsion 228+ 3 0.125 + 0.007 -1.24 £ 0.03

PLGA:90PLGA
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Appendix 1
A1.3.4 In vivo biodistribution, efficacy, and bioavailability studies

Treatment efficacy
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Figure A8 - TED administration effect in DSS colitis-induced model. (A) Representative
images of colon length. (B) Effect of TED on colon length. All results are presented as mean
+ SEM (n = 4 - 6) (*) denotes significant differences from the non-treated diseased control
group.

Healthy control Diseased control TED oral

PLGA NPs mPEG-PLGA NPs

Figure A9 - TED administration effect in DSS colitis-induced model. Representative images

of Ki67 immunostaining in colon tissues from different treatment groups.
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Teduglutide bioavailability

Oral bioavailability of TED was tested in a 6 h assay, after the oral administration of TED
loaded into PLGA, mPEG-TK-PLGA:PLGA, and mPEG-PLGA NPs, in a dose of 5 mg.kg™.

The withdrawn blood collected during the cardiac puncture of the mice subjected to the
experiments was transferred to EDTA K3 tubes to prevent blood clotting. The samples were
centrifuged at 3000 g for 10 min at 4 °C to separate the plasma and stored at — 80 °C for
further analysis. The amount of TED present in the serum was directly evaluated by LC/MS.
However, no drug was detectable at any time point. Moreover, no drug was detected at any
time point in the mice from the TED sc group. Thinking of a possible non-detection due to
the "noise" caused by plasma proteins and, being aware that our drug is a peptide, several
cleaning attempts were made. Some spikes carried out allowed us to realize that a 1:1
acetonitrile (ACN): Milli-Q® ultrapure water solution was sufficient to detect small amounts
(50 ng) of TED. In this way, we further analyzed the samples by LC-MS. Once again, no

drug was detectable at any time point, even from the TED sc group.

For the TED quantification in tissues, a homogenization tissue buffer was prepared as
described in section 3.5.3. Despite all efforts, no drug was detected at any time point in the

mice colon, even from the TED sc group.

Following the previous report, other quantification methods should be tested.

Reference

1. Chao, Z., et al., Robust and tumor-environment-activated DNA cross-linker driving

nanoparticle accumulation for enhanced therapeutics. CCS chemistry: p. 349-361.
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Appendix 2 - Establishment of a 3D multi-layered intestinal

inflammation model
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This work was developed as part of a master’s dissertation, in which | was a mentor.
Included in this appendix is a general summary of the work performed.

The following summary is totally from my authorship and was not published anywhere.
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Appendix 2

Summary

Inflammatory bowel disease (IBD) consists of a set of chronic inflammatory disorders of the
gastrointestinal tract (GIT), mainly including Ulcerative Colitis (UC) and Crohn’s Disease
(CD).

IBD is increasing worldwide and there is still no cure for IBD [1]. This is mainly due to the
lack of a complete understanding of the underlying etiology and pathophysiology of IBD.
Several in vitro, in vivo and ex vivo models have been developed over the past few years
to try to elucidate these gaps [2-4]. Moreover, establishing reliable and predictive in vitro
models of intestinal inflammation is crucial for accelerating and validating new treatment
strategies for IBD. Notably, three-dimensional (3D) models can offer a precise simulation of
the intestinal layers, significantly enhancing drug screening efforts and research into
intestinal inflammation, thus serving as a vital link between laboratory studies and clinical

research.

The following work aimed to establish a 3D multi-layered inflammation model. This model
comprises (i) an epithelial layer with the enterocyte-like Caco-2 cells and mucus-producing
goblet HT29-MTX cells; (ii) a collagen layer with Human Intestinal Fibroblasts (HIF) and
macrophages (THP-1 cells) embedded; and (iii) an endothelial layer composed of HPMEC-
ST1.6R cells. The model should represent the intestinal mucosa complexity but needs to
be simple enough to be easily reproducible. To note, this model was based on a 3D in vitro
intestinal healthy model previously developed in our group [5], with the addition of the
immune cells and the external lipopolysaccharide (LPS) inflammatory stimuli. THP-1 cells
mimic the macrophages' activity in the lamina propria. This addition aims to better replicate
key inflammatory features, increase model complexity, and enhance cell-to-cell interactions.
The use of THP-1 cells, rather than primary immune cells, offers advantages in terms of
time efficiency and reduced variability compared to models using immune cells from patient

blood samples.

The initial optimization stages focused on the collagen layer with embedded fibroblasts and
THP-1 cells, which was crucial for simulating the lamina propria and providing 3D support
for the epithelial layer. The thickness of the collagen layer and the HIF cellular density used
were the same as previously reported and several densities of the THP-1 macrophage-like
cells were tested. Depending on the THP-1 cells’ density used, there was a negative impact
on cellular viability. The best approach was achieved by using a collagen concentration of
6 mg.mL", a HIF initial seeding density of 5 x 10* cells.mL"", and a THP-1/dTHP-1 initial

seeding density of 2.5 x 10° cells.mL".
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Moreover, the addition of the external inflammatory LPS stimuli, in the apical compartment
of the Transwell® inserts significantly increased the pro-inflammatory cytokine, IL-6. There
were no statistical differences between the medium levels of TNF-a between the models

with and without stimulus exposure.

This model is still in development and some modifications in the lamina propria-like gel and

also in the stimulus applied seem to improve its inflammatory characteristics.

Overall, the developed 3D inflammation model presented the potential to be used for the

screening of drugs in an inflammatory environment.
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Inés Alves, Salomé Pinho, Rute Nunes, Alan Harris, and Bruno Sarmento*

Inflammatory Bowel Disease (IBD) is a chronic inflammatory condition
affecting the gastrointestinal tract (GIT). Glucagon-like peptide-2 (GLP-2)
analogs possess high potential in the treatment of IBD by enhancing intestinal
repair and attenuating inflammation. Due to the enzymatic degradation and
poor intestinal absorption, GLP-2 analogs are administered parenterally, which
leads to poor patient compliance. This work aims to develop IBD-targeted
nanoparticles (NPs) for the oral delivery of the GLP-2 analog, Teduglutide
(TED). Leveraging the overproduction of Reactive Oxygen Species (ROS) in
the IBD environment, ROS-sensitive NPs are developed to target the intestinal
epithelium, bypassing the mucus barrier. PEGylation of NPs facilitates

mucus transposition, but subsequent PEG removal is crucial for cellular
internalization. This de-PEGylation is possible by including a ROS-sensitive
thioketal linker within the system. ROS-sensitive NPs are established, with the
ability to fully de-PEGylate via ROS-mediated cleavage. Encapsulation of TED
into NPs resulted in the absence of absorption in 3D in vitro models, potentially
promoting a localized action, and avoiding adverse effects due to systemic
absorption. Upon oral administration to colitis-induced mice, ROS-sensitive
NPs are located in the colon, displaying healing capacity and reducing

1. Introduction

Inflammatory bowel disease (IBD) encom-
passes a set of chronic inflammatory con-
ditions affecting the gastrointestinal tract
(GIT), including Crohn’s disease (CD) and
Ulcerative Colitis (UC).!"! The prevalence
of IBD has been substantially increasing
worldwide, emerging as a public health
challenge and representing a significant so-
cioeconomic and quality of life burden./>?!
Conventional treatment for IBD typically
involves aminosalicylates, corticosteroids,
immunomodulators, and biologics, often
complemented by additional measures or
surgical intervention.*! The selection of
theseagents is guided by factors such as dis-
ease severity, anatomical location, and the
patient’s previous treatment response.**!
However, IBD treatment often exhibits lim-
itations such as lack of selectivity, low
bioavailability, incomplete response rates,

inflammation. Cleavable PEGylated NPs demonstrate effective potential
in managing IBD symptoms and modulating the disease’s progression.
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loss of efficacy over time, and significant
side effects.'*’! Recent developments using
peptides, and more specifically Glucagon-
like peptide 2 (GLP-2) analogs, for the treat-
ment of IBD, showed promising results
in managing IBD by enhancing intestinal repair and attenuating
inflammation. -1

GLP-2 is an endogenous peptide with regulatory effects in
the growth, proliferation, and maintenance of GIT cells. The in-
testinotrophic and antiapoptotic effects of this peptide render its
potential application in treating GIT diseases, namely in IBD
and short bowel syndrome (SBS). GLP-2 and its analogs, such as
teduglutide (TED), have been shown ability to promote mucosal
epithelium expansion and crypt cell proliferation, increase in-
testinal barrier function, and, ultimately, act as anti-inflammatory
agents. "2 TED has been demonstrated to improve nutrient ab-
sorption, and ameliorate mucosal damage as well as inflamma-
tion and intestinal lesions, with potential therapeutic benefit in
the treatment of IBD.!*-'!] However, the invasive and painful par-
enteral routes (subcutaneous and intravenous injections), asso-
ciated with TED administration,'"*'*! may dictate poor patient
compliance and an uncomfortable regimen, given the complex-
ity of administration and the risk of problems arising in the tis-
sue, such infections.!"?l To secure patients’ convenience, oral ad-
ministration is the preferred route for drug delivery. Still, the

© 2024 Wiley-VCH GmbH
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Figure 1. Development and characterization of PLGA, mPEG-TK-PLGA:PLGA and mPEG-PLGA NPs. A) Physico-chemical characterization of optimized
formulations by DLS and LDE. TED AE (%) and DL (%), were obtained after HPLC-FL analysis. Results are presented as mean + SD (n = 3). B-D)
Morphological TEM characterization of PLGA, mPEG-TK-PLGA:PLGA and mPEG-PLGA NPs, respectively. E,F) Stability of NPs over 5 weeks stored at
4 °C in phosphate-buffered saline (PBS). E) Size presented as hydrodynamic diameter, F) polydispersity index, and G) zeta potential. Two-way analysis
of variance was performed to compare multiple independent groups and the post hoc test Tukey's was used to compare the differences between those

groups. Results are presented as mean = SD (n = 3).

oral administration of GLP-2 peptide analogs has large hurdles,
namely the harsh environment of the GIT (e.g., enzymatic activ-
ity and, acidic pH), the mucus barrier, and poor transport proper-
ties across the intestinal epithelium."®"”! Rectal administration,
in turn, offers targeted delivery, enhancing the drug’s local con-
centration and efficacy. It also minimizes systemic side effects
and allows for faster relief of symptoms compared to injection
routes,!**1°] despite possible colonic enzymatic degradation.!*°]

Small 2024, 2402502

2402502 (2 of 15)

The use of nanoparticles (NPs) to deliver GLP-2 analogs may
overcome the limitations of both oral and rectal delivery path-
ways. One potential advantage of NPs relates to their ability to
modulate the mucoadhesion by suitable engineering of their col-
loidal properties. Dense surface coating with polyethylene glycol
(PEG) is one of the most successful strategies for enabling NPs
to rapidly transpose the mucus.?"??! In the particular case of col-
orectal tissues, the use of PEG coating increases the migration of

© 2024 Wiley-VCH GmbH
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NPs across mucus, allowing an extensive coverage of the epithe-
lial surface after administration to healthy mice when compared
to mucoadhesive NPs.!*-%*] It seems to be clear that the potential
advantage of mucus-penetrating NPs over mucoadhesive mainly
stands in their ability to transpose the mucus barrier more effi-
ciently than the latter ones. Nevertheless, it is widely accepted the
preference for hydrophobic or charged surfaces to interact with
cellmembranes and, consequently, increase cellular uptake.26:27]
A permanent PEGylation seems to hinder the interaction with
cell membranes, being critical when the NPs need to be internal-
ized by target cells.***! The few works performed in IBD models
using mucus-penetrating NPs showed comparable results when
used in healthy models, denoting the lack of specificity for in-
flammation sites.!?’!

Oxidative stress has a huge role in the pathogenesis and pro-
gression of IBD, leading to increased levels of reactive oxygen
species (ROS) in damaged tissues.”*'~*! The overexpression of
ROS at intestinal inflamed sites can be exploited as a disease-
specific triggering mechanism for microenvironment-responsive
drug delivery systems.!**! Therefore, exploiting a ROS-responsive
cleavable PEGylated nanosystem, displaying mucus-penetrating
and adequate surface properties to maximize the interaction with
the target cells, may allow effective delivery of GLP-2 analogs to
intestinal inflamed tissues.

In this work, we developed a ROS-cleavable PEGylated
nanosystem, able to deliver the GLP-2 analog, TED, for treat-
ing IBD. The nanosystem comprises a poly(lactic-co-glycolic acid)
(PLGA) matrix, covalently bonded to the PEG polymer through a
ROS-sensitive linker, the Thioketal (TK) linker. PEGylation allows
an efficient transposition of intestinal mucus. At the same time,
the cleavable behavior, provided by the presence of the TK linker,
in response to ROS, allows for maximization of the interaction of
NPs with target cells and tissues.

2. Results and Discussion

2.1. Development of Nanoparticles Encapsulating Teduglutide
2.1.1. Development and Characterization of Nanoparticles

PLGA, methoxyPEG (mPEG):PLGA, and cleavable PEGylated
mPEG-TK-PLGA:PLGA NPs, were produced and characterized
regarding their physicochemical properties (Figure 1A). All for-
mulations present an average size ~200 nm, being advisable for
the intestinal transport of the peptide through the GIT**! and
polydispersity index (PdI) values lower than 0.300, suggesting
a relatively homogenous size distribution of the particles./*”:*!
The morphology of the nanoformulations was evaluated by
transmission electron microscopy (TEM) analysis, unveiling a
spherical shape for all the NPs tested. The geometric con-
figuration of particles significantly impacts their interaction
with cells. Specifically, spherical nanoparticles demonstrate en-
hanced and expedited internalization into cells compared to
their irregularly shaped counterparts.'*”! Notably, a corona sur-
rounding the mPEG-TK-PLGA:PLGA NPs and mPEG-PLGA
NPs was visualized in TEM images (Figure 1B-D; Figure S1,
Supporting Information white arrows), which was absent in
PLGA NPs, suggesting the presence of PEG on the surface
of NPs. TED association efficiency (AE) (%) was evaluated
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through high-performance liquid chromatography-fluorescence
detector (HPLC-FL) analysis. PLGA, mPEG-TK-PLGA:PLGA
NPs and mPEG-PLGA NPs showed AE (%) of, ~93%, 71%,
and 92%, and a DL (%) corresponding to 9%, 7%, and 8%,
respectively.

Regarding the NPs’ colloidal stability, the physicochemical
properties of all nanoformulations, regarding average size, PdI,
and zeta ({)-potential, were maintained during the 5 weeks of
study in PBS (Figure 1E-G) and 24 h in simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF) (Figure S2, Supporting
Information).

The release of TED from NPs in SGF and SIF is depicted
in Figure S3 (Supporting Information). mPEG-TK-PLGA:PLGA
NPs showed a slight TED burst release in the first minutes, simi-
lar to PLGA NP, following a sustained release of less than 5% for
120 and 240 min in SGF and SIF, respectively. A slow and pro-
longed drug delivery is desired to ensure continuous therapeutic
levels, and minimize side effects, which may be advantageous for
IBD condition.!*!

2.1.2. Reactive Oxygen Species-Mediated Thioketal Cleavage from
mPEG-TK-PLGA in Reactive Oxygen Species-Simulated Conditions

To assess the ability of the TK linker to be cleaved under
ROS-simulated conditions, both the linker and ROS-sensitive
NPs were incubated in water containing 400 mm H,0, and
3.2 pm CuCl,. After washing and freeze-drying, the polymers
were analyzed by 'H NMR. Figure 2 represents the overlap be-
tween the 'H NMR spectra of both the mPEG-TK-PLGA co-
polymer and mPEG-TK-PLGA:PLGA NPs, under and without
ROS conditions. The results demonstrate the absence of the
characteristic peaks of the TK linker (~2.59 and 2.81 ppm) af-
ter exposure to ROS (Figure 2A). The decrease of the PEG
peak (~3.51 ppm) was also evident, both in the mPEG-PLGA-
TK co-polymer (Figure 2A) and NPs (Figure 2B), being the re-
sults in accordance with the expected TK cleavage under ROS
stimulus.

2.2. Interaction of Cleavable PEGylated Nanoparticles with
Mucus and Cells

2.2.1. Nanoparticles Transposition Through the Mucus

The analysis of the diffusivity of NPs through mucus plays a
key role in predicting their behavior in vivo. The transport of
NPs can be assessed by multiple particle tracking (MPT) video
microscopy.!*! !

To perform this assay, DiO dye was loaded into PLGA NPs and
mPEG-TK-PLGA:PLGA NPs, as described in the Materials and
Methods (Section 4). After washing, DiO-loaded NPs were char-
acterized by DLS and LDE and observed in an epifluorescence
microscope. The loading of DiO did not affect the physicochemi-
cal properties of the NPs (Figure 1A), which maintained an av-
erage size of 212 nm for PLGA NPs, and 228 nm for mPEG-
TK-PLGA:PLGA NPs, and both NPs exhibited homogeneous size
distribution (PdI <0.3) and neutral charge. For the MPT analy-
sis, a diluted dispersion of NPs was deposited onto mucin-based
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Figure 2. ROS-sensitiveness ability of the TK linker. A) Comparison of the 'H NMR spectra of the mPEG-TK-PLGA co-polymer, under (green spectra) and
without ROS conditions (blue spectra). B) Comparison between the "H NMR spectra of mPEG-TK-PLGA:PLGA NPs, under (green spectra) and without
ROS conditions (red spectra). The chemical shift of protons from the groups on the polymer is identified by letters.

surrogates and left to rest for 2 h at 37 °C. Transport was charac-
terized from time-lapse videos as severely hindered in all condi-
tions, exhibiting mucus-sub-diffusive profiles (Figure 3A). Still,
ROS-sensitive mPEG-TK-PLGA:PLGA NPs have a slightly en-
hanced diffusivity in mucus compared with the non-sensitive
PLGA NPs control.

2.2.2. Nanoparticles Surface Hydrophobicity Assay
Rose Bengal assay was conducted to evaluate the surface hy-
drophobicity degree of the developed NPs. The results depicted

in Figure 3B show that the hydrophobicity degree (%) of bare
PLGA NPs was statistically significantly higher (p < 0.05) than

mPEG-TK-PLGA:PLGA NPs, suggesting the latest ones are more
hydrophilic, which corroborates the higher mucus-diffusivity at-
tributed to the presence of PEG.!**!

2.2.3. Cytotoxicity of Teduglutide-Loaded Nanoparticles

Ensuring the in vitro safety of drug delivery systems is cru-
cial at the early stages of drug development, and this may be
achieved by the use of biologically relevant cell models. Caco-2
cells (mimicking enterocytes) and mucus-producing HT29-MTX
cells (mimicking goblet cells) represent the major epithelial pop-
ulations of intestinal cells in vivo, while macrophages are key im-
mune players in the intestinal inflamed mucosa.**! The effect of

150
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NPs relative hydrophobicity (%) 3

0.00 T T T T 1
0.0 0.2 0.4 06 0.8 1.0

Time-scale 7 (s)

® PLGANPs W mPEG-TK-PLGA:PLGA NPs

PLGA NPs mPEG-TK-PLGA:PLGA NPs

Figure 3. Diffusivity and hydrophobicity profiles of NPs. A) Effective diffusivities <Deff> of different DiO-loaded NPs in mucus surrogates, as a function
of time scale, for 1 second (n = 3). B) Graphical representation of the hydrophobicity degree of the mPEG-TK-PLGA:PLGA NPs relative to PLGA NPs.
Data are provided as mean + SD (n = 3). An unpaired t-test was performed to compare the PLGA NPs with mPEG-TK-PLGA:PLGA NPS. (*) denotes a
significant difference (p < 0.05).
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Figure 4. Results obtained in the resazurin assay for Caco-2 cells, HT29-MTX, and THP1 macrophage-like cells, after 24 h incubation with free TED,

TED-loaded, and empty NPs. Data are given as mean + SD (n =3).

different concentrations of free TED, TED-loaded NPs, and
empty NPs on the cell viability of epithelial (Caco-2 clone, HT29-
MTX) and immune (THP-1 macrophage-like cells) cells was as-
sessed by resazurin assay after 24 h of incubation. The results ob-
tained are represented in Figure 4. The NPs did not compromise
the metabolic activity levels of the epithelial and immune cells
(above 70%) over the range of concentrations tested. The pres-
ence of NPs did not affect the viability values of the epithelial and
immune cells, which remained above 70% over the range of con-
centrations tested.|*’! At higher concentrations (500.00 pg mL™"),
the NPs appeared to exert a negative effect on the metabolic activ-
ity levels of THP-1 cells, although no differences were observed
in comparison with lower concentrations.

2.2.4. Cellular Uptake of Nanoparticles

It is well-known that dense PEGylation of the surface of NPs
facilitates their diffusion through the mucus layer.!*! Neverthe-
less, this feature contrasts with critical drawbacks, such as the
poor ability of PEGylated NPs to permeate cell membranes and
reach the intracellular milieu.l”! To assess the role of the PEG
layer in the internalization of NPs, the interaction of NPs (cova-
lently bonded to the PLGA-FKR648 fluorescent co-polymer) with
Caco-2 cells, HT29-MTX cells, human-derived monocytes, and
THP-1 cells before and after ROS exposure was analyzed by flow
cytometry. The NPs’ incubation time with cells was 1 h. The
physicochemical characteristics of NPs after the PLGA-FKR648
incorporation were maintained (Figure 1A). Figure 5 depicts
the internalization profile of fluorescent mPEG-TK-PLGA:PLGA,
mPEG-PLGA:PLGA, and PLGA NPs by both epithelial and im-
mune cells, with and without ROS stimulus. Data is repre-
sented in fold increase compared to unstained controls. As ob-
served, before ROS exposure, there is a tendency of the PEGy-
lated NPs to interact less with immune cells (human-derived
monocytes and THP-1 cells), highlighting the stealth effect of
PEG on the surface of NPs.[***’] After the removal of PEG from
NPs’ surface triggered by the presence of ROS, the newly devel-
oped nanosystem exhibited a statistically significantly higher up-
take by epithelial cells when compared with PEGylated NPs. Re-
garding the immune cells, there is a higher tendency of these
cells to uptake the mPEG-TK-PLGA:PLGA NPs than mPEG-
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PLGA NPs. These trends confirm our hypothesis that, after los-
ing the PEG layer, mPEG-TK-PLGA:PLGA NPs exhibit an in-
ternalization profile similar to those observed for naked PLGA
NPs, potentially due to the exposure of a more hydrophobic
surface.

2.2.5. Cell Permeability Assays

The intestinal permeability of TED, in free form or loaded into
NPs, was assessed in a 3D intestinal model, either in inflamed
or healthy control conditions. The inflamed counterpart was as-
sembled by providing immune-competence and inflammatory
conditions to a 3D model of the healthy intestine previously es-
tablished by our group.”™”! (Figure 6A,B). This previously estab-
lished model consists of a 21-day Transwell system comprised of
i) a layer of human intestinal microvascular endothelial cells, ii)
a lamina propria-like hydrogel embedding human intestinal fi-
broblasts (HIF), and iii) an epithelial layer of enterocytes (Caco-2
clone) and mucus-producing (HT29-MTX) cells. To achieve in-
flammation, an immune cell layer (THP-1 cells) was added to iii),
and a lipopolysaccharide (LPS) stimulus was applied. The per-
meability profile of TED, in the free form or incorporated into
NPs, across the healthy and inflamed 3D intestinal models is
represented in Figure 6. For all drug formulations, the perme-
ability of TED in the inflamed model was higher compared to
the healthy counterpart (~2.65% vs ~0.81% for free TED; 0.83%
versus 0.67% for TED-loaded PLGA NPs; 1.02% versus 0.78%
for TED-loaded mPEG-TK-PLGA:PLGA NPs). Also, the entrap-
ment of TED into NPs led to a slight decrease in TED perme-
ability across both models, which can be attributed to the sus-
tained release of the drug from the polymeric matrix of the NPs,
hence delaying the permeability kinetics. These results are in ac-
cordance with previous studies obtained by our group./*!*?! The
delay in TED permeability kinetics provided by the encapsulation
of the drug into NPs is highly favorable since the local action of
TED can be prolonged, increasing the exposure of the targeted
intestinal epithelial cells to the therapy.****!

Transepithelial Electrical Resistance (TEER) values confirmed
the maintenance of the integrity of both inflamed and healthy
3D models over the course of the treatments (Figure 6C,D, re-
spectively).
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Figure 5. Quantitative (flow cytometry) assessment of the uptake of NPs in both immune (Human-derived monocytes and THP-1 macrophage-like
cells) and epithelial (Caco-2 and HT29-MTX) cells, before and after the nanoformulations being exposed to ROS stimulus. Results are represented
as a fold increase relative to unstained controls. Data are presented as mean + SD (n = 3). (") denotes significant differences between PLGA and
mPEG-TK-PLGA:PLGA NPs, (*) denotes significant differences between PLGA and mPEG-PLGA NPs, and, () denotes significant differences between

mPEG-TK-PLGA:PLGA and mPEG-PLGA NPs (p < 0.05).

2.3. In Vivo Biodistribution, and Efficacy Studies

Acute colitis was induced in C57BCL/6 mice, using 2% (w/v)
of dextran sodium sulfate (DSS) in drinking water for 7 days.
The disease establishment was evaluated using an inflammatory
score based on weight loss, stool consistency, and rectal bleed-
ing, as previously reported.**! Inflammation was also confirmed
by colonoscopy, using a Mainz Coloviwe system (Karl Storz, Ger-
many).

2.3.1. Biodistribution of Nanoparticles

Cyanine 7.5 (Cy7.5)-loaded PLGA, mPEG-TK-PLGA:PLGA and
mPEG-PLGA were suspended in PBS and administered orally
or rectally to fasted DSS colitis-induced C57BCL/6 mice. At pre-
determined time points (15 and 120 min), the animals were eu-
thanized and IVIS images of the GIT and colon (in the case of
oral or rectal administrations, respectively) were collected. The
tissues were further analyzed by confocal microscopy. Figure 7A
depicts the biodistribution experiments chronogram. Focusing
on the oral administration of NPs, we start by analyzing the be-
havior of NPs through the different segments of the GIT. The
qualitative impairment taken from IVIS imaging (Figure 7F,G)
was correlated with the semi-quantitative analysis of the total ra-
diant efficiency of the NPs presented in the tissues (Figure 7D, E).
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From these experiments, it was possible to understand the ability
of NPs to be transported across the GIT. Regardless of the formu-
lation used, NPs moved through the stomach, reaching the small
intestine, and becoming detectable shortly after 15 min postad-
ministration. This result confirms the stability of the nanosys-
tems in the harsh environment of the GIT after oral administra-
tion. However, nPEG-TK-PLGA:PLGA seems to be able not only
to reach the small intestine but also reach the colon in the 15 min
time frame, demonstrating its ability to migrate farther into the
GIT and achieve the target tissue faster (inflamed colon). In ad-
dition, the analysis of the maximum distance covered by the NPs
(Figure 7C) showed that PEGylated NPs (mPEG-TK-PLGA:PLGA
and mPEG-PLGA NPs) were able to cover roughly 37% and 36%
of the GIT, respectively, 15 min after the oral administration,
while PLGA NPs covered only ~10% of the GIT in the same
time frame. PLGA NPs only reached similar values to those ob-
tained by PEGylated NPs at 15 min, 2 h after administration. This
difference in the migration and retention profiles of PEGylated
NPs and PLGA NPs can be attributed to the mucus-penetrating
properties of the first ones, in contrast with the mucoadhesive
properties of the last ones, being in accordance with previous
results reported in the literature.”***! Confocal microscopy im-
ages of transversal sections of the excised tissues collected af-
ter NPs’ oral administration (Figure 7H,I) and semi-quantitative
data (Figure 7], K) confirmed the results previously presented.
Additionally, it was possible to observe that PLGA NPs were
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Figure 6. Schematic representation of the A) in vitro 3D intestinal healthy model and the B) in vitro 3D intestinal inflammation model. Images created
with BioRender.com. TEER values and permeability profile (% of the initial amount) of free TED, TED-loaded PLGA NPs, and TED-loaded mPEG-TK-
PLGA:PLGA NPs through the 3D in vitro intestinal healthy C) and the inflamed model D), in function of time. E) depicts the comparison of both models
in terms of TED permeability. All results are represented as mean + SD (n = 3). (*) denotes significant differences between free TED and TED-loaded
PLGA NPs, (*) denotes significant differences between TED-loaded PLGA NPs and TED-loaded mPEG-TK-PLGA:PLGA NPs, and (¥) denotes significant
differences between free TED and TED-loaded mPEG-TK-PLGA:PLGA NPs. When comparing the two models’ permeability, (*) denotes significant dif-
ferences in the permeability of TED-loaded mPEG-TK-PLGA:PLGA NPs, and (*) denotes significant differences in the permeability of TED-loaded PLCA

NPs. (p <0.05).

almost restricted to aggregates in the intestinal lumen (white ar-
row) while mPEG-TK-PLGA:PLGA NPs were capable of reaching
the epithelial surface and interacting with the cells (white arrow).
Similar results were obtained by Maisel et all?’! after oral ad-
ministration of mucus-penetrating and mucoadhesive particles
to mice with DSS colitis.

Regarding the rectal administration, the results of NPs’ mi-
gration and retention in the colon followed the same pattern of
those obtained after oral administration and are in accordance
with the previous data.l**| Qualitative (Figure 8E,F) IVIS analy-
sis of the excised colons showed a greater migration of mPEG-
TK-PLGA:PLGA and mPEG-PLGA NPs into the colon compared
to PLGA NPs. The 15 min after the administration of NPs by
rectal enema, the distribution of PLGA NPs was restricted to
the mid-colon, while both PEGylated NPs were able to reach re-
gions of the proximal colon. This data was reinforced by the
maximum distance of the total length of the colon covered by
each NPs type (Figure 8B). Coverage by PLGA NPs was ~57%
after 15 min of rectal instillation and decreased to half 2 h
after administration. In contrast, both PEGylated NPs covered
~80% of the total length of the colon in 15 min postadminis-
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tration and, even after 2 h, the coverage values were almost the
same.

Semi-quantitative (Figure 8C,D) data of NPs’ retention was
inferred from the total radiant efficiency values obtained from
the colon. Both PEGylated NPs presented higher values of to-
tal radiant efficiency than PLGA NPs. After 120 min, the total
radiance efficiency obtained was 100 times lower than that ob-
tained 15 min after rectal administration of the NPs. Indeed,
PEGylated NPs seem to provide better retention in colonic tis-
sues compared to PLGA NPs. Globally, these results can be re-
lated to the ability of PEGylated NPs to transpose the mucus bar-
rier more efficiently than mucoadhesive PLGA NPs, achieving
the deeper layer of the mucus barrier and the epithelium, being
protected from turnover and clearance mechanisms.”*’! Quali-
tative (Figure 8G,H) and semi-quantitative (Figure 81,]) confo-
cal microscopy imaging of the colonic excised tissues, showed
no differences between formulations in the distribution of NPs
through the colon, after 15 min, except for the newly developed
ROS-sensitive nanosystem that presented higher signal intensity
in the distal colon. The 120 min after rectal administration of
the NPs, once again, PEGylated NPs seem to be retained in the
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Figure 7. Distribution of NPs through the GIT, after oral administration. A) Biodistribution experiments chronogram. B) Schematic representation of
the mouse GIT and delimitation of the segments for the distribution. C) Total extension of the GIT length covered by NPs (%). D,E) Semi-quantitative
evaluation of the amount of NPs associated with excised tissues. F,G) Qualitative assessment of the distribution and retention of Cy7.5-loaded NPs in
different segments of the GIT, after oral administration, using NIR imaging IVIS. (H and I) Representative fluorescent microscopy images of transversal
sections in different segments of the GIT, after 15 and 120 min of oral administration of the NPs. Green, blue, and red signals correspond to Cy7.5
(associated with NPs), DAPI (nuclei), and CellMask Orange Plasma membrane Stain (cell membrane), respectively. Scale bars represent 100 um. J,K)
Semi-quantitative assessment of the distribution and retention of NPs, based on the transversal tissue section fluorescence analysis. All results are
presented as mean + SD (n = 3). (*) denotes significant differences between mPEG-TK-PLGA:PLGA and mPEG-PLGA NPs and (°) denotes significant
differences between PLGA and mPEG-PLGA NPs.

120 mins of NPs' oral administration

MPEGTK-PLGAPLGA
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lumen, while PLGA and mPEG-TK-PLGA:PLGA NPs appear to
be already internalized by the cells. PEG modification seems to
enhance not only the distribution of NPs throughout the colorec-
tal mucosa but also prolong their residence time, confirming the
stealth effect commonly associated with PEG.

2.3.2. Treatment Efficacy
In vivo efficacy of the TED-loaded cleavable PEGylated NPs was

evaluated in DSS-induced colitis C57BCL/6 mice (Figure 9A).
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Treatment groups (free TED oral, free TED sc, TED-loaded PLGA,
mPEG-TK-PLGA:PLGA, and mPEG-PLGA NPs), were applied
once per day, for 5 consecutive days in diseased animals. Addi-
tionally, healthy mice and diseased mice orally treated with PBS
were used as controls.

Figure 9B depicts the colonoscopy images of all groups tested.
Colonoscopy analysis allowed us to have a real-time perception
of the colonic environment of mice. The differences between the
healthy and disease controls are evident, mostly in the presence
of blood and stool consistency. The non-treated disease control
presents blood in the tissue walls and rectum fluids, and the
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Figure 8. Distribution of NPs through the colon, after rectal administration. A) Schematic representation of the mouse colon and delimitation of seg-
ments for the distribution. B) Total extension of the colon length covered by NPs. C,D) Semi-quantitative evaluation of the amount of NPs associated
with excised tissues. E,F) Qualitative assessment of the distribution and retention of Cy7.5-loaded NPs in different segments of the colon, after rectal ad-
ministration, using NIR imaging IVIS. G,H) Distribution of NPs through the colon. Representative fluorescent microscopy images oftransversal sections
in different segments of the colon, after 15 and 120 min of rectal administration of NPs. Green, blue, and red signals are from Cy7.5 (associated with
NPs), DAPI (nuclei), and CellMask Orange Plasma membrane Stain (cell membrane), respectively. Scale bars represent 100 um. 1,) Semi-quantitative
assessment of the distribution and retention of NPs, based on the transversal tissue section fluorescence analysis. All results are presented as mean
+SD (n = 3). (¥) denotes significant differences between mPEG-TK-PLGA:PLGA and mPEG-PLGA NPs and (*) denotes significant differences between

PLGA and mPEG-PLGA NPs.

feces appear to be stuck to the entire colon tract, probably due to
the surrounding inflammatory environment. Regarding the dif-
ferent treatment conditions, free TED, orally and subcutaneously
administered (TED oral and TED sc, respectively) seem to be the
less effective due to the harsh inflammation environmentnoticed
even after 5 days of treatment. Animals treated with free TED sc
showed an inflammation environment more aggressive than the
disease control group, with the presence of blood in the rectum
and evident ulcers (white arrows). TED-loaded NPs, in turn, pre-
sented a more controlled inflammation in the colon, similar to
what is observed in the healthy control group.

In conventional IBD treatments, that mainly rely on anti-
inflammatory medications, the priority is to reduce inflammation
and then achieve mucosal healing. Our proposal comes the other
way around: we hypothesized that by increasing the local con-

Small 2024, 2402502

2402502 (9 of 15)

centration of TED, we could promote mucosal healing and con-
sequently, reduce inflammation. Figure 9C represents the body
weight changes (%) of all experimental groups during efficacy ex-
periments. It is possible to observe that, besides the healthy con-
trol, all experimental groups presented a decrease in weight after
DSS induction and a weight increase in the final days of the as-
say. Nontreated diseased control, mPEG-PLGA NPs, mPEG-TK-
PLGA NPs, and TED sc, were the groups that presented a higher
decrease in the body weight of animals. However, when look-
ing at the survival rate (%) (Figure 9D), we observe that the ani-
mals from the mPEG-TK-PLGA NPs group were able to recover
from this prominent weight loss, while the remaining groups
lost some animals. As such, for the last days of treatment, the
calculations were readjusted for different numbers of animals
per group, given the loss of animals in the non-treated diseased
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control, mPEG-PLGA NPs, and TED sc groups. This was also ap-
plied to the disease score rate (Figure 9E), obtained after the anal-
ysis of H&E stained colonic samples, using a brightfield micro-
scope (Leica DM2000 LED) (Figure 9F). Thus, it is important to
note that, although it seems that mPEG-PLGA NPs are more ef-
fective in treating inflammation than mPEG-TK-PLGA NPs, we
are actually and inevitably comparing groups with different final
numbers of animals, since mPEG-PLGA NPs had some losses
during the experiment. In this way, we can state that all groups
of NPs appear to be more effective in treating IBD than TED in
its free forms, however, the time needed for mPEG-PLGA NPs to
be effective did not allow the survival of all animals. The disease
score rate was based on mucosal destruction, immune cell infil-
tration, and the thickening of the musculoskeletal layer, where
“0” is related to the absence of inflammation and “1-3” is related
to the inflammation degree (1-low inflammation; 2-medium in-
flammation; 3-high inflammation).

Mucosal healing is an important therapeutic goal in IBD as
it is associated with better long-term outcomes and a lower risk
of disease relapse.*® The healing impact of TED-loaded NPs in
DSS-triggered colitis is correlated with alterations in the rates of
cell growth in the colon. Both the colon length (Figure S4, Sup-
porting Information) and Ki67 immunostaining in colon tissues
(Figure S5, Supporting Information) were conducted to exam-
ine whether the treatment influences the proliferation of crypt
cells. A higher colon length was found in all treatment groups
compared to the nontreated diseased control group. Significant
differences were noted between the diseased group and both
the mPEG-TK-PLGA:PLGA NPs, TED oral, and healthy control
groups. Ki67 stainings were presented as a percentage of positive
cells among all crypt-tissue cells, and data was evaluated after the
scanning of colonic tissue laminas, using the QuPath software,
v0.5.1 (Figure 9G). The average score for each portion was de-
fined as the sum of Ki67-stained epithelial cells over the sum of
the cells present in the entire section area, in each analyzed tis-
sue segment. The final result was expressed after normalization
of the percentage of positivity to the smallest area analyzed in
each portion. All the results were validated by a pathologist. The
expression of Ki67 increased in colon tissues following treatment
with mPEG-TK-PLGA:PLGA NPs. Also, a similar profile of Ki67
expression was observed between the developed ROS-sensitive
nanosystem and healthy animals, indicating the therapeutic ad-
vantage of the new treatment approach herein proposed.

The pathogenesis of IBD involves a complex interplay of ge-
netic, environmental, and immunological factors, and cytokines
play a crucial role in the development, recurrence, and exacerba-
tion of the inflammatory process in IBD.*>%! Pro-inflammatory
cytokines, namely TNF-q, IL1-#, and IL-6, known by their central
contribution to IBD initiation and progression, were quantified
in colonic tissues using a multiplex immunoassay. TNF-a is a key
initiator of inflammation. It is produced by immune cells, espe-
cially macrophages and T cells, and plays a central role in the re-
cruitment and activation of immune cells in the gastrointestinal
mucosa. Elevated levels of TNF-a are consistently found in the
inflamed mucosa of individuals with IBD, and there is a corre-
lation between higher TNF-a concentrations and disease sever-
ity. This cytokine is considered a hallmark of the inflammatory
process in IBD.I*”! TNF-a levels in colonic tissues (Figure 9H)
were consistent with previous showed efficacy data. The cleav-
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able PEGylated mPEG-TK-PLGA:PLGA NPs presented lower lev-
els of this pro-inflammatory cytokine, similar to those quantified
in the healthy control group. IL1-4, in turn, emerges as a pivotal
player in the realm of inflammation and tissue damage associ-
ated with IBD. This cytokine contributes to the disruption of the
intestinal barrier and influences the differentiation and function
of T-helper (Th) cells.[!! In this way, low levels of IL-1f in the tis-
sue after treatment administration, as we can observe in those of
the mPEG-TK-PLGA:PLGA NPs group, may dictate an increase
in mucosal healing, compared to the other treatment groups.
Lastly, IL-6 plays a crucial role in the uncontrolled intestinal in-
flammatory process, and it was reported that the increase of IL-6
levels in IBD was reflected in increasing the disease severity.®?!
Our results were in accordance with the data obtained for TNF-a
and IL-1§ cytokines, showing lower values in the newly devel-
oped mPEG-TK-PLGA:PLGA NPs, highlighting its potential for
the treatment of IBD.

3. Conclusion

A ROS-sensitive cleavable PEGylated nanosystem was developed
to effectively deliver TED in the context of IBD treatment. Due
to the lack of effective treatment options, we proposed the use
of TED, considering its intestinotrophic and anti-inflammatory
properties. To our best knowledge, this is the first proof-of-
concept study of stimulus-responsive NPs encapsulating TED for
the treatment of IBD. The developed nanosystem was shown to
have suitable characteristics for intestinal drug delivery, with an
average size of 200 nm, PdI lower than 0.3, and a neutral charge.
The ability of the NPs to de-PEGylate in the presence of ROS
was confirmed by the absence of TK linker signal in '"H NMR
spectra, after ROS exposure. The newly developed ROS-sensitive
nanosystem did not compromise the metabolic activity levels of
epithelial and immune cells. Moreover, it showed good interac-
tions with cells and tissues. Permeability studies in 3D in vitro
cell models highlighted the desired local action of NPs. The in
vitro outcomes were then confirmed in vivo through biodistribu-
tion and efficacy tests. ROS-sensitive, cleavable PEGylated NPs
showed the ability to diffuse faster through the GIT and were able
to reach the targeted tissues. When compared to TED sc, which
consists of the TED standard of care, TED-loaded NPs presented
better outcomes in reducing inflammation and promoting mu-
cosal healing. Overall, it was developed a targeted nanosystem
with promising potential in the management of IBD.

4. Experimental Section

Materials:  PLGA S5004A (50:50 lactic acid:glycolic acid; PURA-
SORB PDLG 5004A) was kindly provided by Corbion Purac.
mPEG (5kDa):PLGA(55kDa) (50:50 LA:GA) was purchased from Sigma-
Aldrich, and mPEG(5kDa)-TK(252 Da)-PLGA(30kDa) (50:50 LA:GA),
PLGA-FKR648 were acquired from RuixiBiotech. Poly(vinyl alcohol) (PVA)
(87-90% hydrolyzed, average molecular weight of 30 000-70 000) was
purchased from Sigma-Aldrich, and DiO-dye and Cy7.5 were acquired
from Lumiprobe GmbH. Dichloromethane (DCM) was acquired from
Sigma-Aldrich. Milli-Q ultrapure water was prepared in-house with a con-
ductivity of 0.055 uS cm™" and a resistivity of 18.2 MQ.cm, using a MilliQ
station from Millipore Corporation. KI67 was acquired from Thermo
Fisher Scientific Inc. and TED was purchased from Creative Peptides.
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Porcine mucin was purchased by Sigma-Aldrich. Paraformaldehyde (PFA)
was acquired from Electron Microscopy Sciences. TED was purchased
by CreativePeptides. DAP| and CellMask™ Orange were purchased by
Merck Millipore and Invitrogen, respectively.

For cell cultures, T-flasks were acquired from Labclinics; Dulbecco’s
Modified Eagle Medium (DMEM), Roswell Park Memorial Institute
(RPMI) 1640 Medium, Medium 199, Trypsin, and penicillin/streptomycin
(P/S) were purchased from Gibco; Fetal Bovine Serum (FBS) was ac-
quired from PAN-Biotech; and accutase from Thermo Fisher Scientific. Fi-
broblast Medium (FM), and Fibroblast Growth Supplement (FGS) were
sourced from ScienCell. C2BBel (Caco-2) and THP-1 cells were pur-
chased from ATCC, mucus-producing HT29-MTX cells were kindly pro-
vided by Dr. T. Lesuffleur (INSERM U178, Villejuif, France), Human in-
testinal fibroblasts (HIF) primary cells were obtained from ScienCell,
and Human pulmonary microvascular endothelial cells (HPMEC)-ST1.6R
cells were kindly provided by professor C. James Kirkpatrick (Institute of
Pathology, Johannes Gutenberg University of Mainz, Germany). Human-
derived monocytes were isolated from buffy coats of healthy blood
donors, kindly provided by the Centro Hospitalar Universitario Sao Jodo
(CHUS)), Porto, Portugal, under the ethical agreement number: 90/19.
Donors provided written consent for their blood to be used for research
purposes.

Male C57BL/6 mice with 7-8 weeks were purchased from Charles
River Laboratories. DSS, colitis grade (36 000-50 000) was purchased by
Bioportugal-Quimico-Farmacéutica.

Development of Cleavable PEGylated Nanoparticles Encapsulating
Teduglutide—Production of Nanoparticles: PLGA, mPEG-PLGA, and
mPEG-TK-PLGA NPs were produced by the water-in-oil-in-water (w/o/w)
double emulsion technique, with a total polymer mass of 20mg. mPEG-
TK-PLGA NPs consisted of a mixture of 10% (w/w) of mPEG-TK-PLGA
co-polymer and 90% (w/w) of PLGA (mPEG-TK-PLGA:PLGA). Crude
PLGA, mPEG-PLGA, and mPEG-TK-PLGA:PLGA were dissolved in 1 mL of
DCM. Then, 100 uL of aqueous phase (Milli-Q ultrapure water in the case
of empty NPs or TED dissolved in Milli-Q ultrapure water in case of drug-
loaded NPs), were added to the polymeric solution and homogenized
using a Bioblock Vibracell 75186 Sonicator (Sonics & Materials), with
70% of amplitude. This primary emulsion (w/o) was poured into 4 mL of
an aqueous surfactant solution, PVA 2% (w/v), and homogenized, using
the same equipment, leading to the second emulsion (w/o/w). After this,
it was added to a beaker containing 7.5 mL of PVA 2% (w/v), and the
organic solvent was then removed by evaporation for 3 h, under magnetic
stirring (300 rpm). Finally, NPs were concentrated using a high-speed
centrifuge Beckman Avanti }-26 XP followed by washing twice with 10 mL
Milli-Q ultrapure water. Fluorescent NPs were produced by the same
methodology using the DiO-dye for the multiple particle tracking (MPT)
assays, 10% (w/w) of PLGA-FKR648 for the cell interaction assays, and
Cy7.5-dye for the biodistribution assays.

Development of Cleavable PEGylated Nanoparticles Encapsulating
Teduglutide—Particle Size, Polydispersity Index, {-Potential, and Surface
Morphology: NPs were characterized regarding hydrodynamic diameter
and Pdl by dynamic light scattering (DLS) and {-potential by laser Doppler
electrophoresis (LDE), using a Zetasizer Nano ZS (Malvern Instruments).
For these measurements, samples were diluted in an ionic solution of
10 mm sodium chloride (NaCl) at 0.2 mg mL~' NPs concentration.
Three independent experiments were performed with a minimum of three
analyses per sample. NPs were also morphologically characterized by
TEM, using a JEOL JEM 1400 microscope (JEOL Ltd) at an accelerating
voltage of 120 kV. The 10 pL of each NP batch were mounted on nickel
grids and left to stain for ~2 min.

Development of Cleavable PEGylated Nanoparticles Encapsulating
Teduglutide—Colloidal Stability of Nanoparticles: The colloidal stability
of the developed NPs, diluted in phosphate-buffered saline (PBS), was
evaluated for 5 weeks at 4 °C. NPs stability in SGF and SIF were also
assessed for 24 h at 4 °C. The physicochemical properties of the NPs (hy-
drodynamic diameter, Pdl, and {-potential) were evaluated by Zetasizer
Nano ZS as described in Section Development of Cleavable PEGylated
Nanoparticles Encapsulating Teduglutide—Particle Size, Polydispersity
Index, {-Potential, and Surface Morphology.
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Development of Cleavable PEGylated Nanoparticles Encapsulating
Teduglutide—Association Efficiency and Drug Loading of Teduglutide: TED
is a peptide composed of 33 amino acids (aa) and has, in its composition,
the aromatic aa, tryptophan, characterized by its intrinsic fluorescence.l#4]
In this way, the amount of TED encapsulated into NPs, was quantified by
HPLC-FL. NPs were destroyed in DMSO before the drug quantification.
A reversed-phase Synergi-C12 column was used as a stationary phase
with a mobile phase composed of 0.1% of trifluoroacetic acid (TFA) in
water (eluent A) and 0.1% of TFA in acetonitrile (eluent B), in a gradient
method: 0~10 min 60% of eluent A and 40% of eluent B; 10~11 min 20%
of eluent A and 80% of eluent B; 11 min 60% of eluent A and 40% of
eluent B. The chromatographic analysis was performed at a flow rate
of 1 mL min~". The fluorescence excitation wavelength used for TED
detection was 295 nm and the emission wavelength used was 300 nm.
The injection volume was 20 plL, and the AE (%) and DL (%) were
calculated using the following equations:

AE (%) = Mass of encapsulated TED T ;
= T Inicial mass of TED X M

Mass of encapsulated TED

%) =
oL &) Mass of NPs + initial mass of TED

x100 o)

Development of Cleavable PEGylated Nanoparticles Encapsulating
Teduglutide—Reactive Oxygen Species-Mediated Thioketal Cleavage from

mPEG-TK-PLGA in Reactive Oxygen Species-Simulated Conditions: The
ROS responsiveness of TK in the co-polymer mPEG-TK-PLGA and mPEG-
TK-PLGA:PLGA NPs was investigated by "H NMR (400 MHz, DMSO-d6)
analysis. Briefly, both the TK linker and the NPs were incubated in water
containing 400 mm H,0, and 3.2 um CuCl,. These reagents produce
hydroxyl radicals by reduction of H,0, catalyzed by converting Cu?*
to Cu** to hydroxyl radical by a Fenton-like reaction.l®*] The linker
and the NPs incubated in water without any ROS stimulus were used
as controls. After 24 h, all of the mixtures were centrifuged (10 min,
75.650 G), washed three times, and freeze-dried for further TH NMR
analysis.

Interaction of Cleavable-PEGylated Nanoparticles with Mucus and Cells—
Nanoparticles Transposition Through the Mucus: Analyzing the transport
of NPs through the mucus allows the characterization of the NPs’ mo-
bilization profile. MPT video microscopy was employed to characterize
the transport of NPs in mucus surrogates.[*1#2] Briefly, diluted fluores-
cent NPs (0.008% w/v) were dispersed in mucin-based preparations (5%
w/v mucin-type |l from porcine stomach in PBS) and time-lapse videos
were recorded at high temporal resolution (67 ms) using the Hamamatsu
ORCAFlash4.0 digital CMOS camera (Hamamatsu, Japan) mounted on a
Leica DMI6000 inverted epifluorescence microscope (Wetzlar, Germany).
These videos were then processed using Image]/Fiji (v. 2.14.0) and the
MosaicSuite 2D/3D single-particle tracking plugin that identifies each par-
ticle in each frame to build the trajectories.[5

Relevant data were then extracted from the trajectories, such as the
mean square displacement, effective diffusivity, and the anomalous expo-
nent alpha, using in-house developed software.l*!] This last parameter is
related to transport impairment, with lower values suggesting hindered
transport.

Interaction of Cleavable-PEGylated Nanoparticles with Mucus and Cells—
Nanoparticles Surface Hydrophobicity Assay: The surface hydrophobicity
of bare PLGA and mPEG-TK-PLGA:PLGA NPs was evaluated using the
Rose Bengal assay!®56! Briefly, 500 pL of NPs suspension (concentra-
tions range between 0.02 to 0.2 mg mL™"), were mixed with 1 mL of a
Rose Bengal solution (100 pg mL~"). All samples were then incubated for
30 min at 25 °C, under constant stirring. After this, the unbound Rose Ben-
gal was collected from the supernatant of the samples, after centrifugation
(13 500 g, 30 min). The amount of Rose Bengal present in the supernatant
was calculated by measuring the absorbance at 548 nmin a BioTek Synergy
Mx microplate reader (BioTek Instruments Inc.).
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The total surface area (TSA) of NPs (Equation 3) was determined to
assume that NPs were spherical and monodisperse, with a diameter equal
to the mean size obtained by DLS.

TSA= (SAyp) X (NTyp) @)

SAyp represents the surface of one individual NP (4zr?) and NTy; is
the total number of NPs in each dilution, calculated using Equation (4).

mNP
NTNP = pPLGA XV NP @

my;p represents the NP’s weight in each dilution, pPLGA represents the
density of PLGA (1.3 g mL™") and Vy represents the volume (%lﬂ") ofan
individual NP. Also, the partitioning quotient (PQ) consists of the quotient
between the bound and unbound amount of Rose Bengal used. Lastly, the
slope of the chart represents the hydrophobicity of the formulations: the
higher the slope, the higher the hydrophobicity.

Interaction of Cleavable-PEGylated Nanoparticles with Mucus and Cells—
Cell Culture Maintenance: Caco-2 and HT29-MTX cells were cultured in
DMEM supplemented with 4 mm L-glutamine, 4.5 g L' glucose, 1 mm
sodium pyruvate, and 1.5 g L' sodium bicarbonate, along with 1% P/S
100x and 10% FBS. HIF primary cells were cultured in FM supplemented
with 2% FBS, 1% FGS, and 1% P/S solution. HPMEC-ST1.6R were cul-
tured in M-199 medium supplemented with 20% (v/v) FBS, 1% P/S 100x,
25 pg mL~" ECGS, 25 ug mL™" heparin sodium salt from porcine intesti-
nal mucosa, and 0.1 mg mL~" L-glutamine. THP-1 cells were cultured in
RPMI 1640 medium containing 4.5 g L' d -glucose, 0.3 g L I-glutamine,
and 0.11 g L™" sodium pyruvate. Monocytes were then cultured in RPMI
medium.

All cell types were cultured separately in tissue culture flasks and main-
tained in a Binder incubator at 37 °C with 5% CO, in a water-saturated
atmosphere.

Interaction of Cleavable-PEGylated Nanoparticles with Mucus and Cells—
Metabolic Activity Assay: Resazurin reduction assay was performed in
Caco-2 clone, HT29-MTX, and THP-1 macrophage-like cells, to assess the
effect of free TED, TED-loaded NPs, and empty NPs in the metabolic ac-
tivity of the cells.

The protocols used were similar for all cell lines, differing only in the
cellular density and cell seeding time. Briefly, Caco-2 clone, HT29-MTX,
and THP-1 cells were individually seeded in 96 well plates at a cellular
density of 20 000, 10 000, 125 000 cells well™?, respectively, and allowed
to grow for 24 h, in the case of Caco-2 clone and HT29-MTX cells, and
72 h with medium + phorbol 12-myristate 13-acetate (PMA) in the case
of THP-1 monocytes. On the day of the experiment, increasing concen-
trations of NPs and free drug (0.10; 1.00; 10.00; 100.00; 500.00 ug mL™",
expressed as the amount of TED) were dispersed in media (without FBS)
followed by incubation with cells for 24 h at 37 °C in a 5% CO, air atmo-
sphere. Only medium and a solution of 1% (w/v) Triton X-100 in medium
were used as controls. After that time, a solution of 20% (w/V) resazurin
in cell media was incubated with the cells for 2 h and the amount of re-
sorufin obtained was quantified by measuring the fluorescence using the
excitation/emission wavelengths of 530/590 nm in a BioTek Synergy Mx
microplate reader.

Interaction of Cleavable-PEGylated Nanoparticles with Mucus and Cells—
Nanoparticles Cellular Uptake: ~ The interaction of NPs with the cells was
quantitatively assessed by flow cytometry, using a BD FACS Canto || Flow
Cytometer (BD Biosciences, New Jersey, USA). Briefly, epithelial and ad-
herent Caco-2 and HT29-MTX cell lines were seeded on 12-well plates
(2.0 x 10° cells well™") and incubated for 24 h at 37 °C with 5% CO,.
Immune THP-1 macrophage-like cells and Human-Derived monocytes, in
turn, were seeded on 96-well round bottom plates (1.0 x 10° cells/well).
After 24 h of incubation, fluorescent NPs (100 ug mL~") dispersed in
cell medium were incubated for 1 h at 37 °C and 5% CO,. After incuba-
tion, cells were washed twice with PBS, and trypsin-EDTA was added to
detach the cells (in the case of adherent cells). The trypsin-EDTA action
was stopped with medium and the cells were collected and centrifuged at
1200 rpm for 5 min at 4 °C. The collected pellet was washed twice in PBS
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and recovered after centrifugation (1200 rpm for 5 min at 4 °C). The cells
were then fixed with 2% (w/v) of PFA in PBS. After 20 min, the PFA was
removed by centrifugation, the cells were resuspended in PBS, and 2 more
centrifugation steps were performed. On the last one, the supernatant was
discarded and the cells were resuspended in PBS. Samples were stored at
4 °C before analysis.

Interaction of Cleavable-PEGylated Nanoparticles with Mucus and Cells—
Nanoparticles Intestinal Permeability: ~ Cell permeability assays were per-
formed in healthy and diseased 3D in vitro intestinal models to as-
sess the amount of TED that permeated through the cells. The inflamed
intestinal 3D model was developed by refining a 3D intestinal model
previously developed by our group.I*°! and endowing it with inflamma-
tory features. The inflammation was induced by adding an immune cell
layer (THP-1) and applying a LPS stimulus to the previous model. The
inserts were used in a unidirectional drug transport study (apical-to-
basolateral direction) after 21 days of culture. The 100 ug mL™" of free
TED, TED-loaded PLGA NPs, and TED-loaded mPEG-TK-PLGA:PLGA NPs
were incubated in the apical side of the Transwell inserts. At predeter-
mined time points (15, 30, 60, 120, and 240 min), the TEER values
were measured and an aliquot of 200 pL was collected from the baso-
lateral compartment. An equivalent volume of fresh pre-warmed HBSS
was added to the basolateral side and the plate was incubated at 37 °C
and 100 rpm of agitation. At the last collection time-point, 200 uL of
medium was removed from both the apical and basolateral compart-
ments, and the Transwell insert membrane was further collected into a
microcentrifuge tube using a scalpel. The amount of TED that permeated
through the 3D in vitro healthy and inflamed modes was then quantified by
HPLC-FL.

In Vivo Biodistribution and Efficacy Of Nanoparticles: In vivo biodistri-
bution and efficacy studies were performed in a colitis model induced in
C57BL/6 mice for 7-8 weeks, using 2% (w/v) DSS in water, for 7 days.|®”]
Experiments were conducted in accordance with the provisions of FE-
LASA and the European Directive 2010/63/EU. The necessary approvals by
the Animal Welfare at Instituto de Investigacdo e Inovagdo em Saude (i3S),
Universidade do Porto (reference BSm_2017_10) were obtained before the
start of the studies.

In Vivo Biodistribution and Efficacy of Nanoparticles—Biodistribution of
Nanoparticles:  Studies concerning the distribution of fluorescent NPs in
the GIT of a DSS colitis murine model were performed. Male C57BCL/6
mice were fasted for 12 h and their distal colon/rectum was washed with
200 pL of NaCl, using a 1 mL syringe, before the administration of NPs
to soften and minimize fecal content and output, thus better resembling
the human colorectal content. Cy7.5-loaded PLGA, mPEG-TK-PLGA:PLGA,
and mPEG-PLGA NPs were suspended in PBS (25 mg mL™", the final vol-
ume of 200 L) and administered orally or rectally using a syringeand a mi-
cropipette, respectively. For this experiment, were used three animals per
group, per time point, per administration pathway. Considering that each
time point was terminal, we used a total of 39 animals (18 animals used
for oral administration experiments, 18 animals used for rectal adminis-
tration experiments, and three healthy controls commonly used for both
oral and rectal experiments). Animals were slightly sedated during the ad-
ministration procedures. At predetermined time points (15 or 120 min),
mice were anesthetized using 3-5% isoflurane and transferred to the IVIS
LUMINA system (Perkin Elmer, Waltham, MA, USA) for whole-body near-
infrared (NIR) imaging. The 1and 2% of isoflurane was used for anesthe-
sia maintenance. Abdominal fur was removed with a hair clipper before
imaging. After this, the animals were sacrificed by cardiac puncture fol-
lowed by cervical dislocation. Necropsy was performed and the GIT and
the liver were isolated. The organs were transferred once again to the VIS
LUMINA system for imaging collection. For that, samples were collected
and placed in a dark receptacle for subsequent analysis via the [VIS sys-
tem. The baseline radiance signal from untreated animal GIT samples
was utilized for comparative analysis. Quantification of the radiant effi-
ciency from same-sized regions including complete excised tissues was
performed using Living Image software v. 4.4 (Caliper, Hopkinton, MA,
USA). Subsequently, the GIT and the colon were partitioned into three
segments: stomach, small intestine, and colon in the case of oral admin-
istration samples and proximal colon, medium colon, and distal colon
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(relative to its distance from the stomach) in the case of rectal admin-
istration samples. These segments were individually frozen at —80 °C in
O.C.T. and prepared for fluorescence imaging. Specifically, 10 um cryosec-
tions were stained with DAPI and CellMask Orange Actin Tracking Stain,
then mounted using Fluromount aqueous mounting medium. Imaging
was conducted using a Confocal Microscope Leica TCS-SP5 AOBS (Leica
Microsystems, Wetzlar, Germany) equipped with a 20X water-immersion
apochromatic objective.

In Vivo Biodistribution and Efficacy of N icles—Efficacy of Nanop
ticles:  In vivo assessment of the TED-loaded mPEG-TK-PLGA:PLGA NPs
efficacy in the treatment of IBD was performed. At day 8, after DSS-colitis
induction, the treatments were administered to the mouse groups for
five consecutive days, once per day-PBS in the case of healthy and dis-
eased mice, TED-loaded NPs, and free TED administered orally or sub-
cutaneously, in a final dose of 5 and 0.1 mg kg™, for oral and sub-
cutaneous administration, respectively. On the last day of the experi-
ment, male C57BCL/6 mice had their distal colon/rectum washed with
NaCl, before colonoscopy analysis. Animals were sedated during the en-
tire colonoscopy, euthanized by cardiac puncture at the end of the exami-
nation, and the intestines were collected for further cytokines analysis and
H&E and Ki67 staining.

In Vivo Biodistribution and Efficacy of Nanoparticles—Cytokines Quantifi-
cation: Colon homogenates were directly prepared from frozen tissue
samples in ice-cold lysis buffer (water with 150 mm NaCl, 0.5% (w/v)
Tween 20, 20 mm Tris HCL, and 1 tablet of protease inhibitor) by son-
ication (VWR VDI 12, Homogeneizador, 10 s) (15 mg tissue/100 pL of
lysis buffer). Samples were subsequently centrifuged at 20 000 x g for
10 min. The supematant was retrieved and kept at —80 °C until further
analysis, and the pellet was discarded. The concentrations of the follow-
ing colonic proinflammatory cytokines and chemokines were determined
with a Mouse Cytokine Proinflammatory Focused 10-Plex Discovery Assay
Array (MDF10) ELISA kit.

In Vivo Biodistribution and Efficacy of Nanoparticles—Hematoxylin
and Eosin Staining. Segmentations of the proximal colon of the
mice were fixed in 10% (v/v) buffered formalin for 24 h. Subse-
quently, they underwent standard processing in an automated tis-
sue processor for embedding in paraffin. Serial sections, each 4 ym
thick, were then prepared for H&E staining. The stained slides were
examined using a light microscope (Leica DM2000 LED, Wetzlar,

Germany).
In  Vivo Biodistribution —and  Efficacy of  Nanoparticles—
hi istry and Scanning: Immunohistochemical (IHQ)
assay was performed with anti-Ki67 (1:500; MAS-14520, Invitrogen,
Rockford, UK). All IHQ protocol, dewaxing included, was performed
automatically in a Ventana Discovery Ultra Platform (Roche Diagnostics,
Tucson, USA) using CC2 as epitope recovery (ER). The downstream IHQ
protocol was performed as follows: tissue sections were blocked for
endogenous peroxidase activity for 12 min followed by blocking using
UltraVision Protein Block (Epredia®). Tissues were incubated for 1 h
at 37 °C with anti-Ki67 at a 1:500 dilution. Detection was performed
with PoliviewPlus HRP (anti-Rabbit) (Enzo, Farmingdale, USA) over a
45 min incubation. Reactions were detected with 3,3’-Diaminobenzidine
(DAB) (Dako, Glostrup, Denmark). Tissues were then counterstained
with HIGH DEF hematoxylin (Enzo, Farmingdale, USA), dehydrated, and
coverslipped using a permanent mounting media (Entellan). Positive and
negative controls were included in every set of reactions for each antibody
used. All slides were scanned using Phenolmager HT (formerly known
as Vectra Polaris) microscopes (Akoya Biosciences, Marlborough, MA,
USA).

Statistical Analysis: Statistical analysis was performed using the
GraphPad Prism 8 Software (GraphPad Software Inc., San Diego, Cali-
fornia). Statistical differences between groups were evaluated using Stu-
dent’s t-test (two-group comparison) one-way or two-way analysis of vari-
ance (ANOVA) Tukey’s test (multiple comparisons). Results are expressed
as mean =+ standard deviation (mean + SD) or mean =+ standard error of
the mean (mean + SEM) and geometric mean with 95% confidence inter-
vals. The levels of significance were considered for *p < 0.05, **p < 0.01,
#2:p < 0.001, and ====p < 0.0001.
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