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The identification of biomarkers overexpressed during inflammation is critical for targeting
diagnostic or therapeutic agents to the inflamed intestine in inflammatory bowel disease (IBD).
The first part of this thesis employs global proteomic analysis to identify preclinical IBD
biomarkers using in vitro and in vivo models. The study focuses on apical plasma membrane
biomarkers and secreted biomarkers, identifying promising targets for diagnostic imaging
probes. Proteomic analysis quantified 7340 proteins across ileum, proximal, and distal colon
samples in vivo, revealing significant protein concentration changes primarily in the colon after
DSS treatment. Functional annotation linked these changes to inflammatory responses. In vitro
analysis using Caco-2 cells treated with TNF-o identified 465 proteins involved in defense and
cytokine responses, showing greater relevance for modeling inflammation than DSS-treated
cells.

Key inflammatory biomarkers were identified, including TGM2, ICAM1, CEACAMI,
and ANXAI, with varied upregulation across models. These biomarkers were validated
via immunohistochemistry, showing consistent expression in inflamed and healthy tissues.
Additionally, luminal and immune cell-associated proteins such as myeloperoxidase and
calprotectin were identified, suggesting their potential for in situ quantitative assessment of IBD
activity.

The second part of this thesis details the development of MRI-active biosensors using
superparamagnetic iron oxide nanoparticles (SPIONs) functionalized via click chemistry with
ligands targeting the identified biomarkers. The synthesis and characterization of SiO2-coated
v-Fe,O; SPIONSs and their subsequent functionalization with antibodies targeting ICAM1 were
optimized for enhanced biocompatibility and targeting efficacy. In vitro studies demonstrated
specific binding and internalization of bioconjugated SPIONs in inflamed Caco-2 cells.

The third part explores in vivo targeting efficacy of bioconjugated SPIONs in colitis-
induced mice. Ceacaml-conjugated SPIONs showed significant binding to inflamed tissues,
highlighting their potential for targeted imaging and therapeutic delivery in IBD. This thesis
underscores the importance of systematic nanoparticle modification and characterization,
advancing precision medicine and diagnostic technologies for IBD.
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Introduction

Nanomedicine has profoundly transformed the landscape of medical diagnos-
tics, treatment, and drug delivery. By utilizing nanoparticles, which typically
range from 0.1 to 100 nanometers in size, therapeutic efficacy and precision
can be enhanced.!"?! A defining feature of nanomaterials is their large surface-
to-volume ratio, which significantly increases their chemical reactivity com-
pared to their corresponding bulk materials. This heightened reactivity is due
to a greater proportion of atoms being exposed on the surface, allowing for
enhanced interaction with biological targets.”! These particles can be engi-
neered to deliver drugs directly to targeted cells, minimizing side effects and
improving patient outcomes. Additionally, their use in diagnostic imaging and
disease monitoring offers unprecedented accuracy and early detection capa-
bilities. As research advances, nanomedicine holds the promise of revolution-
izing personalized medicine, enabling tailored treatments that address the spe-
cific needs of individual patients.

Today, clinically approved nanoparticle-based formulations such as
Doxil®, Abraxane®, and Feraheme®, are being used to treat a range of con-
ditions from cancer to iron deficiency, highlighting the practical utility of na-
noparticle-based therapeutics.¥ Additionally, the success of nanoparticle-
based mRNA vaccines for COVID-19 has further underscored the vast poten-
tial of nanomedical innovations. Hence, the utility of nanomedical products as
drug delivery vehicles has become widely adopted and well-understood over
the past years, but there is a yet clinically unacknowledged potential of using
nanoparticles, particularly metal-based particles, for diagnosing and monitor-
ing diseases that can be locally targeted in the gastrointestinal (GI) tract, such
as colon cancer or inflammatory bowel disease (IBD).

Inflammatory bowel disease

Inflammatory bowel disease (IBD) encompasses a group of chronic inflam-
matory conditions of the GI tract, including Crohn’s disease and ulcerative
colitis. Common symptoms of IBD include abdominal pain, diarrhoea, rectal
bleeding, weight loss and perianal disease that typically presents with alter-
nating periods of flare-ups and remissions."*! The exact cause of IBD remains
unclear, however it is suggested to result from an uncontrolled immune
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response to a trigger in genetically predisposed individuals.[*” Changes in the
gut microbiome and environmental factors are often suggested as potential
causes of this immune response, however, it continues to be a topic of de-
bate.[?)

The incidence of IBD has steadily increased in the Western countries dur-
ing the twentieth century, leading to its perception as a Western disease. How-
ever, recent data shows an alarming increase of IBD cases in developing and
newly industrialized countries, indicating its emergence as a global issue (Fig-
ure 1).") The economic impact of IBD is significant, and managing the dis-
ease is challenging due to its incurability, requiring continuous medication.
As a result, the rising global prevalence of IBD is expected to place a signifi-
cant socioeconomic burden on governments and health care systems in the
coming years. %)
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Figure 1. Global map depicting different epidemiological stages of IBD progression
in 2020, highlighting the areas where IBD is emerging (green), accelerating in inci-
dence (yellow) and compounding prevalence (orange). Reprinted with permission
from Nature Reviews Gastroenterology & Hepatology © 2020, Springer Nature.!

Both the treatment and diagnosis of IBD face significant challenges. Tradi-
tional treatments focus on symptom management using aminosalicylates, cor-
ticosteroids, immunomodulators, and biologics, along with general supportive
measures and surgical resection when needed."” However, a significant num-
ber of patients either do not respond to these treatments or lose responsiveness
over time, highlighting the need for new therapeutic strategies.!"” Immense
research efforts have been invested to enhance current IBD therapies and to
develop new approaches. These efforts have led to the development of several
promising products in the pipeline, including orally administered Janus kinase
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inhibitors, anti-adhesion agents, anti-trafficking agents and stem cell ther-
[10-12]
apy.

In contrast, the diagnosis of IBD has seen little improvement. Currently,
IBD diagnosis relies on a combination of biological and morphological tests
(Figure 2), including GI endoscopies with mucosal biopsies. Depending on
whether Crohn’s disease or ulcerative colitis is suspected, either an upper en-
doscopy or colonoscopy is typically performed. This invasive procedure is
unpopular among patients and carry substantial healthcare costs.

Although GI endoscopy is the current gold standard, it often falls short in
providing an accurate diagnosis. As a result, patients frequently endure symp-
toms for several months before receiving a definitive IBD diagnosis.!'*'* Such
delays cause significant pain and discomfort, preventing timely and appropri-
ate medical treatment.

Furthermore, blood parameters, such as C-reactive protein, erythrocyte
sedimentation rate , serum albumin, platelet count, and hemoglobin levels, are
commonly used as supplementary biomarkers to assess IBD.!"”) Similarly, fae-
cal biomarkers, such as calprotectin, lactoferrin, and myeloperoxidase, have
been identified for analysing faeces samples to determine disease activity.!'
Although analysing faecal samples is less invasive compared to GI endoscopy,
both approaches are currently used only as complementary tools to endoscopic
measures, as they do not provide spatiotemporal information about the dis-
ease. Additionally, commonly used biomarkers like calprotectin are not spe-
cific to IBD and can be associated with other GI diseases such as neoplasia,
infections, and celiac disease.!'"!

To evaluate parts of the intestine that are inaccessible to endoscopic evalu-
ation, advanced imaging techniques such as computed tomography (CT) and
magnetic resonance imaging (MRI) have traditionally been employed. CT
scanning has the notable disadvantage to involve exposure to ionizing radia-
tion, which is particularly concerning for patients with IBD, who require fre-
quent assessments due to the relapsing nature of their condition. On the con-
trary, MRI presents a compelling alternative for GI imaging, offering detailed
tissue visualization without the associated risks of radiation exposure. Patients
are administered contrast agents prior to the scan, which enhance the visibility
of internal structures, tissues, and abnormalities, providing clearer MRI im-
ages. For the assessment of IBD, adequate bowel distension is crucial, as col-
lapsed bowel loops can obscure lesions or create false impressions of a thick-
ened bowel wall.l'”-'®! Bowel distension is typically achieved by administering
contrast solutions either orally or through mid-gut tubing, with the latter
providing more consistent results but being unpleasant and time-consum-
ing.['"”l A variety of contrast agents are available, each with its own advantages
and drawbacks, all designed to enhance the visualization in the GI tract. How-
ever, these agents do not directly provide a clear delineation of the disease
activity. In addition, current contrast agents, while useful for detecting tissue
abnormalities, lack specificity and can identify changes caused by conditions
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other than IBD. This limitation, along with the current delay of final diagnosis
underscores the need for developing reliable, patient-friendly diagnostic tools
that can improve the accuracy and specificity of IBD detection.

Gastrointestinal endoscopy Blood parameters

Endoscope - C-reactive protein (CRP)
—l-

- Erythrocyte sedimentation
rate (ESR)

- Serum albumin

- Hemoglobin levels

Faecal analysis Magnetic resonance imaging/

Computed tomography
- - Calprotectin

- Lactoferrin L
- Myeloperoxidase — ®

Figure 2. Current procedures for diagnosing IBD involve a combination of different
strategies to estimate disease activity. These include GI endoscopies, blood-related
tests, faecal analysis and imaging techniques such as MRI and CT.

Magnetic nanoparticles

Magnetic nanoparticles are often composed of magnetic materials such as iron
oxide (FesO4 or y-Fe,03), cobalt, or nickel. These particles have immense po-
tential in several advanced medical applications, including hyperthermia can-
cer therapy and as contrast agents for MRI.['*-2]

Depending on the size, magnetic nanoparticles can exhibit a unique prop-
erty called superparamagnetism. This phenomenon is observed in small ferro-
magnetic or ferrimagnetic nanoparticles, where the entire particle acts as a
single magnetic domain.””!! When exposed to an external magnetic field, su-
perparamagnetic nanoparticles become magnetized, aligning their magnetic
moments with the field. However, unlike larger ferromagnetic particles, they
do not retain magnetization once the external field is removed. This lack of
residual magnetism prevents the particles from magnetic agglomeration,

14



which is a significant advantage in various biomedical applications. Further-
more, the ability to customize the surface architecture of nanoparticles with
various ligands, such as antibodies, peptides, and small molecules, makes
them highly versatile tools for controlled and targeted pharmacological appli-
cations.

Superparamagnetic iron oxide nanoparticles for MRI

Through their unique properties, superparamagnetic iron oxide nanoparticles
(SPIONSs) have contributed to enhancing medical imaging, enabling targeted
drug delivery, advancing cancer treatment, improving biosensing, diagnostics
and tissue engineering.”>**! For instance, in tissue engineering, SPIONs can
be used to create scaffolds that promote cell growth and tissue regenera-
tion.***! In hyperthermia cancer therapy, these nanoparticles can be engi-
neered to absorb specific wavelengths of light or electromagnetic radiation,
generating heat that selectively destroys cancer cells.?'?% Similarly, in MRI,
SPIONSs can serve as contrast agents, enhancing the imaging of specific tissues
or pathological areas.!*”

In MRI, a strong magnetic field aligns the magnetic moments of water pro-
tons in the body with the direction of the applied magnetic field (Figure 3a).!*
The protons are then excited by a radiofrequency pulse, causing the magnetic
moments to spin out of equilibrium (Figure 3b). Once the pulse is removed,
the spins will realign with the magnetic field, resulting in an energy release.
This released energy and the time it takes to realign with the magnetic field is
detected and translated into a computer-assisted image.* Proton relaxation
time is classified by two different processes (Figure 3c, d); longitudinal relax-
ation (T1), which produces bright, positive contrast, and transverse relaxation
(T2), which produces dark, negative contrast.!*! Contrast agents, such as SPI-
ONss, are used to shorten the relaxation time and thereby enhance the contrast
in MRI images. The superparamagnetic behaviour of SPION gives them high
relaxivity values, particularly affecting T2 relaxation.
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Figure 3. T1 and T2 relaxation in MRI. (a) Protons from water molecules in the body
align parallel or anti-parallel to the applied external magnetic field. (b) A radiofre-
quency pulse is applied to flip the net magnetization into the XY-plane. (¢) T1 relax-
ation refers to the time it takes for protons in tissues to realign with the external mag-
netic field after being disturbed by a radiofrequency pulse. It represents the recovery
of longitudinal magnetization. (d) T2 relaxation refers to the time it takes for protons
to lose phase coherence among themselves due to interactions with neighbouring pro-
tons, representing the decay of transverse magnetization.

Despite the development of SPION-based contrast agents for MRI, their clin-
ical utility has been inconsistent. Several SPION-based agents, such as
Feridex® and Resovist® for liver imaging, and Lumirem® for GI imaging,
have been approved and marketed. However, their availability is limited to a
few countries due to low market uptake.’*"! Thus, while SPIONs have demon-
strated good tolerability and safety, they have not yet achieved widespread
clinical use, indicating that their full potential in medical imaging remains un-
tapped.

Synthesis of magnetic nanoparticles

Despite the successful commercialization of several nanomedical products,
the clinical application of metal-based nanomaterials remains limited due to
challenges in achieving reproducibility in large-scale production. Methods for
synthesizing superparamagnetic iron oxide nanoparticles (SPIONs) can be
categorized into physical, wet chemical, and gas phase methods, each offering
distinct advantages and drawbacks.**!

The physical method for producing SPIONSs is a top-down approach that
breaks down large particles into nanoparticles. Techniques such as powder
milling, ball milling, and electron beam lithography are commonly used.
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Although this method is suitable for large-scale production, it does not allow
easy control over the particle sizes.*!

Liquid phase methods, such as co-precipitation, microemulsion, and sol-
gel synthesis, are the most widely used techniques for synthesizing SPIONS.
These techniques employ a bottom-up approach, producing particles in colloi-
dal form. While these methods can yield crystalline and monodisperse parti-
cles and offer facile synthesis routes, they often fall short in generating large-
scale quantities of nanoparticles.**%

In recent years, flame aerosol reactors have garnered interest due to their
ability to produce nanoparticles on a large scale. This technique has shown
promise in overcoming the limitations of traditional synthesis methods, pav-
ing the way for more widespread clinical applications of metal-based nano-
materials. Using the flame spray pyrolysis (FSP) technique is highly efficient
for large-scale production, making it suitable for industrial applications. FSP
has shown to allow precise control over particle size, composition, and mor-
phology by adjusting flame parameters and precursor solutions.*>**) The high
temperatures achieved in the flame ensure the production of highly crystalline
and pure nanoparticles, enhancing their magnetic properties.*’! Additionally,
the process is relatively fast and can produce nanoparticles continuously,
which is beneficial for consistent quality and scalability. The versatility of FSP
also enables the synthesis of complex nanostructures and composites by
simply altering the precursor materials, making it a highly adaptable method
for various applications in nanotechnology.

Bioconjugation of nanoparticles

The potential of SPIONs for biomedical applications is evident. However, to
maximize efficacy and minimize off-target effects, precise targeting to spe-
cific tissues is essential. Targeting known disease biomarkers with nanoparti-
cles require them to reach their target via systemic circulation (if administered
systemically) or to cross the intestinal epithelium (if administered orally). On
the other hand, local diseases in the GI tract, such as IBD or colon cancer,
could directly be targeted through oral delivery, circumventing the need to
cross the intestinal epithelium for systemic exposure. This local targeting can
be achieved by conjugating the nanoparticles with ligands that bind to recep-
tors uniquely expressed on the surface of intestinal cells.

Bioconjugation of nanoparticles involves attaching biomolecules such as
proteins, peptides, DNA, antibodies, or antibody fragments to the surface of
nanoparticles to enhance their functionality for biomedical applications. An-
tibodies, known for their high binding affinity and specificity,”® can be con-
jugated to nanoparticles, combining their recognition ability with the func-
tional properties of nanoparticles. This synergy makes them highly promising
for targeted biomedical applications.
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Conjugation strategies for attaching ligands onto the nanoparticle surfaces are
mainly categorized into physical adsorption and covalent binding. Covalent
bonds are advantageous because they can prevent antibody detachment due to
changes in pH or competitive displacement by endogenous molecules, such as
proteins.®**) Common covalent linkages include (1) carbodiimide chemistry,
which facilitates the formation of amide bonds between carboxyl and amine
groups using agents like 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) or N,N-dicyclohexylcarbodiimide (DCC);1**** (2) maleimide chemis-
try, which links thiol groups to maleimide-functionalized nanoparticles ;/**~**
and (3) click chemistry, a highly efficient and versatile method that creates
stable covalent bonds via the copper-catalyzed azide-alkyne cycloaddition
(CuAAC) and the strain-promoted azide-alkyne cycloaddition (SPAAC) (Fig-
ure 4).1464

Antibodies contain antigen-binding regions, therefore, ensuring proper ori-
entation of these ligands on the nanoparticle surface is crucial for successful
target recognition and binding. The carbodiimide reaction involves the conju-
gation of carboxylic acids and amines, which are prevalent in amino acid side
chains distributed throughout the antibody structure. Therefore, this reaction
fails to offer control over the orientation of antibodies on the particle surface.
Similarly, the maleimide reaction lacks control over ligand orientation and
may also disrupt the native structure of antibodies, potentially leading to loss
of site-selectivity. In contrast, the click reaction presents a distinct advantage
over other conjugation strategies by providing precise control over antibody
orientation during covalent conjugation. This is achieved by incorporating az-
ide moieties on the heavy chains of an IgG antibody via enzymatic modifica-
tion.[>"
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Figure 4. Common reactions for surface modification of nanoparticles.

The advantages of bioconjugation include increased specificity and targeting
ability, improved biocompatibility, and the potential for multifunctional plat-
forms that combine therapeutic and diagnostic capabilities (theranostics).

Despite these benefits, several hurdles need to be overcome. Development
of reproducible functionalization protocols is challenged by the unique char-
acteristics of nanoparticles, including their strong agglomeration and sedimen-
tation, and adherence to magnets used for mixing of reagents (for magnetic
nanoparticles). Additionally, scalable and reproducible production processes
need to be developed to meet regulatory standards for clinical applications.
Overcoming these obstacles is essential for the successful integration of bio-
conjugated nanoparticles into medical practice.
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Aim of the thesis

The overall goal of this PhD thesis is to develop a non-invasive diagnostic
strategy for IBD utilizing nanoengineering. The project seeks to establish a
protocol for the reproducible and scalable synthesis of functionalized SPIONs
suitable for MRI detection. This will enhance clinical relevance and applica-
bility. Additionally, the project aims to contribute to the broader objective of
creating new non-invasive diagnostic methods for more efficient and targeted
diagnosis. The specific objectives are:

20

To identify apical plasma membrane biomarkers, present on intes-
tinal epithelial cells in commonly used in vitro and in vivo preclin-
ical IBD models, and to detect secreted luminal biomarkers in vivo
(Paper I).

To develop bioconjugated SPIONs functionalized with ligands tar-
geting the identified biomarkers and assess their subsequent target-
ing capability in vitro (Paper I1).

To develop an experimental procedure to assess the functionalized
SPIONSs targeting efficacy in vivo and their utility as MRI contrast
agents for detecting IBD (Paper I1II).

To explore the utility of performing in situ click chemistry by se-
quential administration of targeting ligands and SPIONSs in vivo in
the colon to enhance the mucus penetration of particles and increase
their targeting capability in colitis-induced mice (Paper III).



Methods

Synthesis of iron oxide nanoparticles

Flame spray pyrolysis

In Papers II and 111, flame spray pyrolysis (FSP) was used to synthesize SiO»-
coated SPIONs. An enclosed FSP reactor synthesized the core-shell nanopar-
ticles (Figure 5). A 0.34 M Fe precursor solution was prepared by dissolving
iron(I1I) acetylacetonate in a 1:3 mixture of acetonitrile and xylene, stirred for
1 hour, and fed into the FSP nozzle at 5 mL/min, dispersed by 5 L/min Os.
The solution spray was ignited by a supporting methane/oxygen flamelet. The
FSP reactor was enclosed by a 20 cm quartz glass tube, with a sheath gas flow
of 40 L/min O,. Hexamethyldisiloxane vapor was introduced with 0.34 L/min
N through a torus ring with 16 radial equispaced openings and mixed with
additional 15 L/min N gas, resulting in a SiO, content of 23 wt% in the prod-
uct particles. Particles were collected on a glass fiber filter using a vacuum

pump.

Figure 5. Enclosed FSP setup for single-step synthesis of core-shell nanoparticles. (a)
The actual flame reactor and (b) schematic illustration of the core nanoparticle for-
mation zone, followed by the swirl injection of the coating precursor, enabling in situ
SiO; coating of the freshly-made SPIONS. (c¢) Photograph showing the core nanopar-
ticle formation zone of the reactor with the SPION-producing flame. The flame is
supported by the small CH4/O; pre-mixed flame (visible with a blue hue). The flame
is sheathed with O, provided through the sinter metal plate surrounding the FSP noz-
zle. The flame is enclosed with a quartz glass tube, to enable the subsequent in situ
coating of the SPIONs with SiO,.
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Functionalization of nanoparticles

Silanization

All FSP-made SPIONs produced in Papers II and I1I were modified with using
(3-aminopropyl)triethoxysilane (APTES) as the first functionalization step.
This step introduced amines to the particle surface, which is a more nucleo-
philic moiety compared to the hydroxyl groups of the SiO, coated surface.
SPIONs were dispersed in dimethylformamide (DMF) (1 mg/mL) by using a
Vibra-Cell sonicator (Sonics, Newton, CT, USA) with a 13 mm probe tip op-
erating at 20% amplitude, pulse 10 sec on and 1 sec off, for 3 min. In order to
investigate whether the amount of added APTES influences the amount of
surface accessible amines available for further conjugation, SPIONs were re-
acted with 0.6 vol%, 2 vol% or 6 vol% APTES. The reactions were left over-
night at 75°C under rotation.

Synthesis of alkyne-containing linker

In Papers II and III, a short and easily synthesized alkyne-containing linker
was prepared by dissolving 6-heptynoic acid (1 equiv) in anhydrous dichloro-
methane (DCM). N-hydroxysuccinimide (NHS) (2.5 equiv) and 1-(3-dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 1.5 equiv) were
added sequentially to the reaction flask. The mixture was stirred overnight at
room temperature. The product was obtained after aqueous extraction using
saturated NaHCOj; and ether. The solution was dried over Na,SOs, concen-
trated under reduced pressure, and yielded the product as a white/yellow solid
(94% yield). The product was used without further purification in subsequent
steps.

Introducing a click-handle

In Paper II, APTES-modified SPIONs were functionalized with alkyne moie-
ties using either a short EDC/NHS-crosslinked linker or a commercially avail-
able PEG-linker. The SPIONs were dispersed in dimethylsulfoxide (DMSO)
(1 mg/mL) through repetitive ultrasonication rounds in a water bath and cup
horn ultrasonicator at 90% amplitude for 1 min, ensuring no aggregates re-
mained. Triethylamine was introduced to the suspension. Either 6-heptynoic
acid succinimidyl ester or alkyne-PEG5-N-hydroxysuccinimidyl ester dis-
solved in DMSO were added to the particle suspension and subjected to fur-
ther ultrasonication using a probe tip ultrasonicator (20% amplitude, 10 sec
pulse on and 1 sec off, 3 min). The reactions were incubated overnight at 50°C
with rotation.

To enhance the dispersibility of the alkyne-modified particles, carboxylic
acid moieties were introduced to the particle surface in Paper III. Using the
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same procedure as previously described, 6-heptynoic acid succinimidyl ester
and succinic anhydride were reacted with SPIONs, producing particles with
both alkyne and carboxylic acid moieties (Figure 6, product 13).
Additionally, a third type of linker, dibenzocyclooctyne (DBCO)-N-hy-
droxysuccinimidyl ester (Figure 6, compound 15) was investigated. This di-
aryl-strained-cyclooctyne enables strain-promoted click chemistry, allowing
the SPIONSs to bind with antibodies without the need for a copper catalyst.

Antibody conjugation

In Paper 11, antibodies targeting ICAM1 (ab171123, Abcam, Cambridge, UK)
were used for SPION conjugation, while in Paper III, antibodies targeting ei-
ther Icam1 (ab171123, Abcam, Cambridge, UK) or Ceacaml (ab180789,
Abcam, Cambridge, UK) were employed. All antibodies were azide-modified
on the Fc-region using Invitrogen™ SiteClick™ Antibody Azido Modifica-
tion kit (Invitrogen, CA, USA), according to the supplier’s instructions.

For both Paper II and III, alkyne-modified SPIONs were dispersed in
IxTris buffer (1 mg/mL) using cup horn (Sonics, Newton, CT, USA) operat-
ing at 90% amplitude for 1 min. The sonication was repeated until no aggre-
gates were observed. Sodium ascorbate and CuSO4 were added to the suspen-
sions. The azide-modified antibodies were transferred to the mixtures and the
reactions were left overnight at room temperature under rotation. In Paper 11
different amounts of antibody was added to the particle suspensions, both in
the presence and absence of copper, in order to compare the amount of phys-
iosorbed and covalently attached antibodies.
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Click chemistry
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Figure 6. Reaction scheme of the attachment of antibody ligands (6) onto SPION (1)
surface via click chemistry through four different functionalization pathways. Amines
were introduced to the SPION surface through silanization reaction using APTES (2).
An alkyne-containing linker was synthesized using EDC/NHS crosslinking to yield
the NHS-activated carbonyl compound (4). Alkyne moieties were installed onto the
nanoparticle surface to yield SPION-linker (5) and SPION-PEG (9). Succinic anhy-
dride (12) was simultaneously added with either the short alkyne-linker (4) or DBCO-
N-hydroxysuccinimidyl ester (15) to yield SPION-COOH-linker (13) or SPION-
COOH-DBCO (16), respectively. Lastly, alkyne-bearing SPIONs were reacted with
azide-modified antibodies (7) to yield the final bioconjugated particles SPION-linker-
Ab (8), SPION-PEG-Ab (11) SPION-COOH-linker-Ab (14) and SPION-COOH-
DBCO-AD (17).

Physicochemical characterization of nanoparticles

After each functionalization step prior to the final antibody-conjugation, all
particles were washed by centrifugation (20 000 g, 10 min, 21°C), with the
supernatant removed and particles re-dispersed in fresh methanol (MeOH).
Particles were dried at 60°C for at least 2 h prior to characterization and further
functionalization. The antibody-conjugated SPIONs were washed by mag-
netic decantation with phosphate-buffered saline (PBS) and either re-sus-
pended in PBS/Tris buffer or dried at 37°C for 2 h prior to characterization.

24



X-ray diffraction

In Paper I, the crystalline structure of the FSP-made SiO,-coated y-Fe>Os na-
noparticles was analysed using X-ray diffraction (XRD). Measurements were
performed with a D2 Phaser X-ray diffractometer equipped witha LYNXEYE
XE-T detector. Cu-Ka radiation (wavelength 0.154 nm) was employed at
30.0 kV and 10.0 mA. The XRD pattern was recorded from 20.0° to 80.5° 20
with a step size of 0.01° 20. Data processing, including background subtrac-
tion and baseline smoothing, was conducted using DIFFRAC.EV A software.

Attenuated total reflectance Fourier-transform Infrared
spectroscopy

Nanoparticles in Papers II and III underwent surface functional group analysis
using an Attenuated total reflectance Fourier-transform Infrared (ATR-FTIR)
spectrometer (Alpha II, Bruker, Germany) with a diamond crystal. After dry-
ing at 60°C for 2 hours, measurements were conducted at room temperature
with a resolution of 4 cm™, covering the range of 4000-400 cm™. Baseline
correction was applied to each spectrum using OPUS software.

Transmission Light Microscopy

In Paper II, the morphology of pristine SiO»-coated SPIONs were studied us-
ing transmission light microscopy (TEM). The nanoparticles were suspended
in 99.5% ethanol and placed on a Formvar and carbon 300 square mesh copper
grid (Delta Microscopies, France). Particle morphology was examined using
TEM with a JEM-2100F instrument (Jeol Ltd., Japan), operating at 200 kV
with a Schottky-type field emission gun.

Thermogravimetric analysis

The amount of organic material on the functionalized SPIONs produced in
Papers II and III was analysed using a thermogravimetric analyser (TGA)
(Discovery, TA Instruments Ind., USA). The experiments were performed un-
der a nitrogen gas flow of 20 mL/min with a heating rate of 10°C/min from
room temperature to 900°C. Data was normalized to 120°C, and each experi-
ment was repeated at least three times (n > 3).

Dynamic light scattering

The hydrodynamic diameter of all particles in Papers II and III was determined
using dynamic light scattering (DLS) with a Litesizer 500 instrument (Anton-
Paar, Austria). Suspensions were diluted to 1 mg/mL in DMF, DMSO, water,
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Tris buffer or PBS before measurement. Measurements were conducted in a
quartz cuvette.

Sodium dodecyl-sulphate polyacrylamide gel electrophoresis

To distinguish physiosorbed antibodies from covalently attached ones, sodium
dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed in Paper II. Particles were bioconjugated with ICAM 1-targeting anti-
bodies, both in presence and absence of copper catalyst. Bioconjugated parti-
cles dispersed in PBS (1 mg/mL) were diluted in SDS buffer, consisting of
Tris-Cl, glycerol, SDS and bromophenol. The samples were heated to 95°C
for five minutes. A standard curve was made to quantify the physiosorbed
proteins on the particles, using the azide-modified antibody. Proteins were
separated at 4°C using pre-casted gels (Bio-Rad Laboratories AB, CA, USA)
with an applied voltage of 200 V. The gels were analysed using GelDoc Go
Gel imaging system (Bio-Rad Laboratories AB, CA, USA).

Quantification of functional groups

Surface accessible amines

In Paper 11, the amine groups on APTES-modified SPIONs were quantified
by reacting the particles with 9-fluorenylmethoxycarbonyl chloride (Fmoc-
Cl). Fmoc groups attached to free amines were then cleaved with piperidine,
producing a UV-active dibenzofulvene-piperidine adduct. This adduct was
quantified using UV-Vis spectroscopy at 301 nm, comparing the absorbance
to a calibration curve prepared with Fmoc-Valine-OH.

Terminal alkynes on SPION surface

To quantify the number of alkynes moieties on the linker- and PEG-conju-
gated SPIONs in Paper II, the particles were reacted with fluorophores via
click chemistry. Alkyne-modified SPIONs were dispersed in DMSO
(1 mg/mL) using repetitive rounds of ultrasonication using water bath and cup
horn ultrasonicator operating at 90% amplitude for 1 min, until no aggregates
were observed. Sodium ascorbate and CuSO4 were added to each suspension,
followed by azide-containing fluorophore with emission/excitation wave-
lengths at 519/495 nm. The reactions were left in dark overnight at room tem-
perature under rotation. The particles were washed, dried and re-dispersed in
DMSO for analysis of fluorescent intensity using Spark plate (Tecan, Austria).
A calibration curve was prepared using known concentrations of the fluoro-
phore as standard samples.
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Fluorescent labelling of bioconjugated SPIONs

After the antibody-conjugation step, a fluorophore was clicked on the antibod-
ies to serve two crucial purposes: firstly, to confirm the presence of targeting
ligands on the SPIONs, and secondly, to facilitate imaging of the particles to
which they are bound. The fluorescent labelling was performed by clicking
the antibody-conjugated particles with a dibenzocyclooctyne-functionalized
probe (Alexa488 or Alexa647; Invitrogen, CA, USA).

In vitro methods
In vitro IBD model

Human epithelial colorectal adenocarcinoma (Caco-2) cells are commonly
used for studying intestinal cell physiology, drug transport and cell permea-
bility.°! Therefore, in Papers I and II, Caco-2 cells (American Type Culture
Collection, VA, USA) were cultured and treated to simulate the acute inflam-
matory state of the intestine in vitro.

Caco-2 cells of passage 95-105 were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing fetal bovine serum (FBS) and nonessen-
tial amino acids (NEAA). The cells were cultured in an incubator at 37°C,
10% CO, while maintained in 75 cm? tissue culture flasks.*?!

The global proteome of inflammation-induced Caco-2 cells was studied in
Paper I. For this, Caco-2 cells were seeded on Transwell polycarbonate filters
(Corning, NY, USA; diameter 12 mm, pore size 0.4 um) and maintained in
DMEM supplemented with FBS, NEAA, penicillin and streptomycin. The
cells were maintained on filters for 22 days to reach fully differentiated and
confluent cell monolayers. The cells were then subjected to either apical ex-
posure of 1% w/v dextran sulphate sodium (DSS),**! or basolateral exposure
of a mixture of cytokines, such as tumor necrosis factor (TNF)-a, interleukin
(IL)-1B, lipopolysaccharides (LPS) and interferon (IFN)-y in culture me-
dium.¥ The latter will be referred to as TNF-a mixture. The cells were ex-
posed to the inflammatory inducing agents for 24 h. After exposure, the filters
were washed with phosphate-buffered saline (PBS) and then excised and pre-
pared for proteomics analysis (Figure 7).

Cell viability after exposure to functionalized SPIONs

Studying the cell viability after SPION exposure is important for evaluating
their biocompatibility and potential use for biomedical applications. Undiffer-
entiated Caco-2 cells, more sensitive to toxicity than their differentiated coun-
terparts, were used for cell viability tests. In Paper II, four types of SPIONs
were investigated: bare y-Fe;Os, SiOr-coated y-Fe,Os; (SPION), SPION-
linker-Ab, and SPION-PEG-AD particles. Caco-2 cells were plated in black
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96-well plates (5 x 10 cells per well) and allowed to attach for 24 hours. Par-
ticle suspensions were then added in six replicates per treatment and incubated
for 24 hours. Positive controls used 0.22% SDS, and the culture medium
served as a negative control. Cell viability was assessed using the CellTiter-
Glo Luminescent assay.

Binding efficacy of bioconjugated SPIONSs in vitro

The binding efficacy of the bioconjugated SPIONs was assessed using inflam-
mation-induced Caco-2 cells grown on Transwell filters. To prevent nanopar-
ticle sedimentation and false positive results, in Paper II, Caco-2 cells were
seeded on the underside of Transwell filters until fully differentiated. Inflam-
mation was induced with the previously described TNF-o mixture. Cells were
seeded on polycarbonate filters (Corning, NY, USA; diameter 6.5 mm, pore
size 0.4 um) at 0.15 x 10¢ cells/filter and maintained in DMEM supplemented
with FBS, NEAA, penicillin and streptomycin.

Staining of filter-grown Caco-2 cells

In Paper II, Caco-2 cells were grown on the bottom side of Transwell filters
until fully differentiated and confluent. The cell were then treated with inflam-
matory agents and exposed to SPIONs as previously described. After washing
the filters with HBSS for 5 min, 37°C at 300 rpm, filters were fixed in 4%
paraformaldehyde for 15 min at room temperature, followed by permeabiliza-
tion with 0.2% Triton-X-100 for 15 min at room temperature. Each filter was
rinsed with PBS three times and then incubated in a 3% BSA solution in PBS
with 0,1% Tween 20 (PBST) for 1 h at room temperature to block non-specific
binding. The filters were then incubated with primary monoclonal anti-
ICAMI antibody for 1 h in darkness at room temperature. Filters were washed
with PBST for 5 min, three times. Filters were then incubated with secondary
antibody (Alexa Fluor 555) for 1 h in darkness at room temperature. Filters
were washed with PBST for 5 min, three times and then nuclei were stained
with Hoechst for 15 min in darkness at room temperature. Filters were washed
with PBS for 5 min, three times.
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In vivo methods
In vivo IBD model

All animal experiments were approved by the Swedish Laboratory Animal
Ethical Committee in Uppsala (animal experiment number C6/16 for Paper I
and 5.8.18-03569/2021 for Paper II) and were conducted in accordance with
guidelines of the Swedish National Board for Laboratory Animals.

Animal experiments were conducted in Papers I and III, both involving the
induction of acute colitis in mice. The in vivo IBD model used in these papers
included mice treated with 3% (w/v) DSS (molecular weight ~40 kDa) in their
drinking water for one week, resulting in the onset of acute colitis.’> All ani-
mals were kept under standardized conditions at 21-22 °C with a 12-hour
light/dark cycle. The colitis progression was evaluated for each DSS-treated
mouse by daily assessment of clinical parameters (weight loss, stool con-
sistency, and blood content). It was reported as a disease activity index (DAI)
score with a minimum of 0 and maximum of 4./ At the end of the experi-
ment, the mice were euthanized by isoflurane inhalation followed by cervical
dislocation.
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Figure 7. Workflow for global proteomics of inflammatory mouse and Caco-2 cell
models. Mice (WT, male, C57BL6/J) were treated with DSS in their drinking water
for seven days. Intestinal biopsies were collected from ileum, proximal and distal co-
lon. Filter-grown Caco-2 cells were treated with DSS or a mixture of inflammatory
agents.
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Administration of bioconjugated SPIONs in vivo

Assessing the targeting efficacy of bioconjugated particles in vivo typically
involves either systemic administration or gavage feeding, with the latter be-
ing more relevant for oral delivery applications like detecting IBD in the co-
lon. However, gavage feeding poses challenges due to the stomach's harsh
conditions, such as low pH and degrading enzymes, which can compromise
the integrity and specificity of the targeting antibodies on the SPIONs, poten-
tially impairing their recognition capabilities. In Paper III, a novel method for
rectal administration of bioconjugated SPIONs was developed, bypassing the
upper GI tract's harsh conditions (Figure 8). Sedated healthy and colitis-in-
duced transgenic mice expressing cyan fluorescent protein (CFP)-tagged E-
cadherin underwent a surgical procedure involving a proximal colon incision
and rectal flushing to empty luminal content. Suspensions of fluorescently la-
belled SPIONs (1 mg/mL) were introduced into the colon and secured with
sutures. After 30 minutes of incubation, the tissue was rinsed, excised,
mounted inside-out on a holder pin, and placed in a custom 3D-printed cham-
ber for fixation. The tissues were analysed using scanning laser confocal mi-
croscopy and MRI imaging. This approach enabled detailed visualization of
SPION localization on the luminal side of the colon.
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Figure 8. Schematic illustration of in vivo incubation and subsequent tissue prepara-
tion for ex vivo imaging of targeted SPIONs in mice.

Tissue biopsy sampling for proteomics

Tissue sampling for the proteomic analysis conducted in Paper I included male
C57BL6/J mice (Taconic M&B, Ry, Denmark and Charles River, Sulzfeld, Ger-
many), weighing 20-35 g before DSS treatment. Fifteen mice were randomly di-
vided into two groups: control (n = 8) and DSS-treated (n = 7) (Figure 7).
Intestinal sections of the ileum and colon were removed, placed in oxygen-
ated Krebs solution, and rinsed to remove stool. A midline incision was made
along the intestine, and the tissues were pinned luminal side down on a Syl-
gard-lined Petri dish. The muscle layer was carefully removed, and the entire
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ileum was snap-frozen in liquid nitrogen. The large intestine was cut into
proximal and distal segments before also being snap-frozen. All tissue sam-
ples were stored at —80 °C until further analysis.

Global proteomics analysis

In Paper [, cell- and animal samples were prepared for global proteomics using
a bottom-up approach. Mouse ileum, proximal and distal colon samples were
homogenized in lysis buffer containing high concentration sodium dodecyl
sulphate (SDS), dithiothreitol (DTT), and Tris/HCI, pH 7.8. The Caco-2 cells
were lysed directly with the lysis buffer. Proteins were denatured at 95°C and
DNA were sheared with a rod sonicator. Samples were prepared for prote-
omics analysis using filter-aided sample preparation (MED-FASP) protocol,
using LysC and trypsin.’”! Protein and peptide amounts were determined
based on tryptophan fluorescence.™®

The peptides were subjected to LC-MS/MS-based global, label-free, prote-
omics. The peptide mixtures were ionized with electrospray in positive mode
and analysed on a Q Exactive HF mass spectrometer using a data-dependent
mode. The top 15 most abundant isotope patterns were selected and frag-
mented by higher-energy collisional dissociation. The resulting tandem mass
spectrometric scans were obtained at 15,000 resolution.

MS data were processed with MaxQuant (version 1.6.10.43),"! where
identifying proteins by searching peptide data against mouse (UP000000589)
or human (UP000005640) UniProtKB databases. Spectral raw intensities were
normalized using variance stabilization and used to calculate protein concen-
trations with the Total Protein Approach.[”)

Data Analysis and Bioinformatics

The global proteomics data in Paper I was refined and analysed to identify
significant proteins following the procedure outlined in Figure 9. Only pro-
teins identified with at least two unique + razor peptides (peptides shared be-
tween protein groups) were considered. Differentially expressed proteins in
treated vs. control samples were identified using /imma in R/ Bioconductor,*!!
focusing on those with a fold change > 2 and p-value < 0.05. Functional an-
notation clustering was performed using the clusterProfiler package in R.[%

Only proteins without missing values in any sample were selected (Fig. 1b,
step 2). Next, proteins with a significant fold change (p-values < 0.05 from
limma-analysis; Fig. 1b, step 3) in treated versus healthy controls were chosen
for further analysis. Since /[imma-analysis does not account for missing values,
proteins upregulated in treated mice and cells but absent in controls were man-
ually added to the selection (Fig. 1b, step 4). Significant fold changes for these
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proteins were calculated using a t-test corrected for multiple comparisons with
the Holm-Sidak method in GraphPad Prism (version 8.4.0). For the mouse
proteome, proteins with higher concentrations in the treated colon than in the
healthy ileum were chosen (Fig. 1b, step 5), as inflammation in the mouse
model primarily occurs in the colon. Therefore, an imaging probe should tar-
get the colon and not bind prematurely in the small intestine. Subsequently,
upregulated proteins with a concentration fold change (geometric mean con-
centration treated/control) > 1.5 (Fig. 1b, step 6) in proximal and distal colon
were selected. Finally, to ensure sufficient protein concentration for targeting,
only proteins with a geometric mean concentration > 0.5 fmol/pg total protein
(Fig. 1b, step 7) were considered.

The subcellular location of these proteins was determined based on their
UniProt annotation.
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Figure 9. Selection criteria to process global proteomics data from intestinal segments
from inflamed mice and TNF-a treated Caco-2 cells. Proteins identified as apically
expressed on the plasma membrane (according to UniProt annotation) were further
investigated for their potential as inflammatory targets for oral delivery in the studied
in vivo and in vitro IBD models.
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Analysis of in vitro and in vivo samples

Immunohistochemical analysis

In Paper I, immunohistochemical analysis was conducted to verify the subcel-
lular location of proteins identified through global proteomics. Twelve mice
were divided into control (n = 6) and DSS-treated (n = 6) groups. Colon tissues
were processed using the Swiss-roll technique, fixed in 4% formalin, embed-
ded in histowax, and sectioned. The sections were stained with specific anti-
bodies against annexin Al, CEACAMI, ICAMI1, and transglutaminase 2.
Staining procedures included antigen retrieval, application of primary and sec-
ondary antibodies, counterstaining, and mounting. The stained sections were
imaged with light microscopy using the Axio Scan.Z1 system.

Inductively coupled plasma optical emission spectroscopy

In Paper II and III, inductively coupled plasma optical emission (ICP-OES)
spectroscopy was used to quantify the amount of Fe present in cells and tissues
after exposure to bioconjugated SPIONS.

In Paper II, Caco-2 cells grown on the bottom side of Transwell filters were
subjected to anti-ICAM1-conjugated SPIONSs, followed by washing, excision
and dissolution in 1M NaOH at 60°C overnight. The mixtures were centri-
fuged and supernatant was discarded. Samples were resuspended in 12M HCI
and heated to 80°C for 1 hour. In paper III, healthy and DSS-treated mice were
exposed to SPIONs functionalized with either anti-Icam1 or anti-Ceacam1 for
30 min. The tissues were rinsed with PBS, excised, segmented into proximal
and distal colon, and snap frozen in liquid nitrogen. The samples were stored
at -80°C. Tissues were homogenized in 1M NaOH, then incubated at 60°C
overnight. Next, 12M HCI was added and samples were heated to 80°C for 1
hour.

The samples were diluted with milliQ water containing 5% HNOj3, filtered,
and measured using the Avio 200 Scott/Cross-Flow Configuration for ICP
measurements. A 4-point calibration curve was created with Fe concentrations
of 0, 0.1, 0.25, and 0.5 ppm.

Confocal microscopy

Confocal laser microscopy in Paper II and III was used to image fluorescently
labelled particles after exposure to inflammation-induced Caco-2 cells and
healthy and DSS-treated mice. In Paper II, images were acquired using an in-
verted laser scanning confocal microscope from Zeiss LSM 780 with a 63%
objective (Zeiss, Oberkochen, Germany). In Paper III, the chamber containing
the holders with the tissues were mounted on a Scientifica MMBP stage con-
nected to a Leica SP8 point-scanning confocal microscope with a Leica HC
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Fluotar L 25x%/0.95-W VISIR objective (Leica Microsystems, Wetzlar, Ger-
many).

Magnetic resonance imaging

Fixed tissues used for confocal microscopy were also scanned with MRI (9.4
T, BioSpec®, Bruker, Germany) The tissues were mounted inside-out on plas-
tic holder rods (Figure 8), which in turn were assembled on a 3D-printed
holder. The assembly was immersed in PBS within a 15-mL Falcon tube and
secured against the receiver coil with a sponge. The receiver coil housing was
maintained at 25°C.

The scan procedure included tuning and matching the coil elements, fre-
quency calibration, power calibration, and first order shimming, followed by
an overview 3D-Fast Low Angle Shot (Flash) scan. After mapping the static
magnetic field and adjusting the shims, the tissues were imaged with a multi-
gradient echo (mge3d) sequence (field of view 15.36x15.36x15.36 mm?, flip
angle 9°, repetition time 70 ms, time to first echo 2.681 ms, six echoes sepa-
rated by 4.9 ms, matrix size 256x256x256, voxel size 60 pm, scan time 1 h 54
min 41 sec). This sequence was repeated six times to monitor potential drift.

Images were processed in Napari software using a filter that inverts the
signal (from black to white) and homogenizes the background: Black top-hat
(n-SimplelTK), Radius (XYZ): 10
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Results and discussion

Proteomics-based identification of targets for in situ
targeting of IBD (Paper )

Targeting of diagnostic or therapeutic agents to the inflamed intestine neces-
sitates biomarkers that are overexpressed during inflammation compared to
the healthy state. To identify such preclinical IBD biomarkers, global proteo-
mic analysis was used to investigate commonly used in vitro and in vivo in-
flammatory models. The focus was particularly on discovering biomarkers
suitable for in situ targeting, including apical plasma membrane biomarkers
on intestinal cells both in vitro and in vivo, and secreted biomarkers in vivo.
The findings show promise as preclinically relevant targets for developing di-
agnostic imaging probes and facilitate their study across various experimental
IBD model.

Global proteomics analysis of in vivo IBD model

The global proteomics analysis quantified 7340 proteins across ileum, proxi-
mal, and distal colon samples. Principal component analysis (PCA) revealed
that DSS treatment had a minimal impact on the protein concentrations in the
ileum (Figure 10a). In contrast, DSS treatment significantly affected the prox-
imal and distal colon, with 22% and 25% variability attributed to DSS treat-
ment, respectively (Figure 10a). limma-analysis revealed significant changes
in 128 proteins in the ileum, 257 in the proximal colon, and 437 in the distal
colon after DSS treatment (Figure 10b). A correlation (Pearson's r = 0.55) was
found in protein concentration changes between the proximal and distal colon
of treated and control mice, suggesting both segments were similarly affected
by DSS treatment (Figure 10c).

Furthermore, functional annotation clustering indicated that the altered pro-
tein concentrations in the colon were linked to inflammatory responses (Fig-
ure 10d). No significant biological process enrichment was found for the af-
fected proteins in the ileum, highlighting the lower impact of DSS treatment
on the ileum compared to the colon.
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Figure 10. Proteomics analysis of ileum, proximal, and distal colon samples from
healthy and DSS-treated mice. (a) PCA of protein concentrations. (b) Protein concen-
tration fold change vs. p-values from /imma-analysis. (c) Correlation of protein con-
centration fold change between DSS-treated and healthy mice in distal and proximal
colon. (d) Enriched biological processes from significantly changed proteins in prox-
imal and distal colon of DSS-treated mice.

Global proteomics analysis of in vitro IBD model

In the Caco-2 cell model, 6631 proteins were quantified, with the most signif-
icant changes observed after TNF-a treatment (Figure 11a). PCA revealed that
the TNF-a treatment affected 465 proteins, accounting for 25% of the varia-
bility (Figure 11a, b). These proteins were involved in defence and cytokine
responses, similar to those in DSS-treated mice (Figure 11c). In contrast, DSS
treatment altered only 105 proteins in Caco-2 cells, with no enriched func-
tional clusters. Therefore, further analysis was performed using data from only
TNF-a treated cells for luminal protein targets.

The differential responses observed between DSS-treated mice and Caco-
2 cell cultures can be attributed to the mechanism of action of DSS. While the
precise mechanism by which DSS induces intestinal inflammation in vivo re-
mains incompletely understood, it is suggested that DSS disrupts the intestinal
mucus layer, exposing the epithelium to luminal microbiota.[ This exposure
triggers the production of pro-inflammatory substances and recruitment of im-
mune cells, ultimately leading to inflammation. These crucial processes, in-
volving microbiota interaction and immune response, are absent in DSS-
treated Caco-2 cell cultures, which lack microbiota, blood flow, and an im-
mune system. DSS has been used in literature as an inflammatory inducing
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agent because it can directly impact cell function, demonstrated in studies fo-
cusing on cytotoxicity, monolayer integrity, and the release of pro-inflamma-
tory cytokines.!®%] However, for a more accurate replication of the protein
expression observed in an inflamed state in vivo, TNF-a treatment of Caco-2
cells proves more suitable. This treatment induces an inflammatory response
similar to that observed in DSS-treated mice (Figures 9d and 10c).
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Figure 11. Proteomics analysis of control, DSS, and TNF-a treated Caco-2 cells. (a)
PCA of protein concentrations. (b) Protein concentration fold change vs. p-values
from /imma-analysis. (c¢) Enriched biological processes from significantly changed
proteins in TNF-a treated Caco-2 cells.

Identification of inflammatory biomarkers

The selection process depicted in Figure 9 aimed to identify inflammatory bi-
omarkers in the experimental IBD models. This approach yielded 167 and 203
protein targets in the proximal and distal colon of DSS-treated mice, respec-
tively (Figure 9, step 7). In Caco-2 cells, 264 targets were identified following
TNF-a treatment (Figure 9, step 7). Ultimately, proteins that met the criteria
across steps 1—7 and that were reported to be i) plasma membrane-bound pro-
teins on the apical side of epithelial cells, or ii) secreted proteins in the lumen
based on UniProt annotations, were selected for further investigation as po-
tential targets for in situ applications.

Proteins common in both mouse and cell models are promising candidates
for developing diagnostic agents that bridge in vitro and in vivo models
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effectively. In Paper I, four proteins were found to be upregulated during in-
flammation in both IBD models: Tgm2/TGM2, Icaml/ICAMI, Cea-
caml/CEACAMI, and Anxal/ANXA1 (Table 1). Selection criteria based on
fold change and protein concentration were not uniformly met across Caco-2
cells and colon segments, but these proteins were included if criteria were met
in at least one sample type.

Icam1/ICAMI1 showed the highest upregulation (48-fold) in the Caco-2
cells, while in the distal colon, it exhibited a moderate increase (1.3-fold) and
a decrease in the proximal colon (0.7-fold) (Table 1).

Tgm2/TGM2 and Ceacaml/CEACAMI1 met selection criteria in both
Caco-2 cells (3.5 and 3.6-fold, respectively) and the distal colon (2.4 and 1.6-
fold, respectively), with stronger upregulation observed in the distal colon
compared to the proximal (1.3 and 1.2-fold, respectively) (Table 1).

Anxal/ANXAT1 had a higher fold change in the proximal colon (1.8-fold)
than in the distal colon (1.4-fold) and showed upregulation in Caco-2 cells
(2.3-fold), although at a relatively low total protein concentration (geometric
mean < 0.5 fmol/ug even after TNF-a treatment) (Table 1).

Immunohistochemistry confirmed the expression of Tgm2, Icam1, Cea-
caml, and Anxal in inflamed and healthy mouse tissues, consistent with pro-
teomics findings (Figure 12). Anxal exhibited moderate expression along in-
tact epithelial cells in the distal colon but was absent in severely inflamed ar-
eas. Ceacaml was prominently expressed on epithelial cell surfaces in both
colon regions. Icam1 showed high expression in heavily inflamed regions and
Tgm? in the deeper layers near inflamed regions of the intestine.
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Figure 12. Immunohistochemical staining of protein targets in distal (a-g) and proxi-
mal colon sections (e-h) of DSS-treated mice. (scale bar: 20 pum)

In addition to these plasma membrane-bound biomarkers, highly upregulated
luminal and immune cell-associated proteins were found in the in vivo mouse
model, such as myeloperoxidase, calprotectin, lactoferrin, and eosinophil pe-
roxidase (Table 2). These biomarkers are clinically used for non-invasive di-
agnosis using fecal samples from IBD patients. While they serve as useful
indicators for diagnosis, their protein concentration does not provide reliable
estimations of disease activity, likely due to the tedious sampling process and
the time- and temperature-dependent degradation of the biomarkers. Thus, alt-
hough these proteins do not provide information of disease location, targeting
these biomarkers in sifu could potentially offer quantitative information about
IBD disease activity in the GI tract.
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Click chemistry-based bioconjugation of SPIONs
(Paper 11)

The second paper of this thesis focused on developing MRI active biosensors
by functionalizing SPIONs with ligands targeting the biomarkers identified in
the first study. The work aimed to establish a detailed protocol for preparing
bioconjugated SPIONs for enhanced targeting capabilities in vitro based on
click chemistry. The findings underscored the importance of systematic nano-
particle surface modification and rigorous characterization in optimizing SPI-
ONs for targeted imaging and therapeutic delivery, paving the way for ad-
vancements in precision medicine and diagnostic technologies.

SPION synthesis and coating

The synthesis of y-Fe,Os and in situ coating with SiO, was performed using
FSP. The SiO; coating has previously shown to improve the particle dispersi-
bility and biocompatibility in aqueous environments, which is essential for
subsequent biomedical use.*>*%! The one-step production yielded SiO,-coated
v-Fe,O3 nanoparticles, confirmed by TEM and XRD analysis, which showed
a crystallite size of 13.5 nm, making them suitable as T2 contrast agents for
MRI (Figure 13).77 These particles are referred to as SPIONS.

Figure 13. Characterization of flame-made SPIONs. (a) TEM image and (b) XRD
pattern of SiO; coated y-Fe,Os, dashed line corresponds to specific crystallographic
(311) plane at 26 = 35.4°, indicative of the crystalline structure of y-Fe,Os.

Surface functionalization of SPIONs

Silanization to introduce of amines

The choice of solvent is critical for the successful functionalization of nano-
particles, as it impacts their dispersion and prevents agglomeration during
conjugation reactions. Therefore, SiO,-coated SPIONs were dispersed in var-
ious solvents to find a suitable medium for conjugation reactions. Polar
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solvents such as methanol (MeOH), ethanol (EtOH), isopropanol (2-PropOH),
acetonitrile (ACN), dimethyl sulfoxide (DMSO), and dimethylformamide
(DMF) effectively dispersed the particles, while non-polar solvents like di-
chloromethane (DCM), ether, and toluene caused rapid agglomeration and
sedimentation, making them unsuitable for modification reactions (Figure

14a).
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Figure 14. Characterization of APTES-conjugated SPIONSs. (a) Suspensions of SPI-
ON:ss prior to modification in various solvents arranged from high to low polarity (left
to right). (b) ATR-FTIR pattern of APTES-modified SPIONS. (c) Fmoc-based quan-
tification of surface accessible amines on APTES-modified SPIONS, values normal-
ized to mmol/g of SPION.

Surface functionalization of SPIONs with organic moieties was initiated with
the introduction of terminal amines. A silanization reaction using (3-ami-
nopropyl)triethoxysilane (APTES) in dimethylformamide (DMF) was per-
formed to successfully conjugate the particles, as confirmed by ATR-FTIR
(Figure 14b) and TGA (Figure 15a). Various concentrations of APTES was
conjugated onto SPIONs to optimize the protocol. Quantification of surface
accessible amine groups on APTES-modified SPIONs using using Fmoc-Cl
and UV-Vis spectroscopy (Figure 14c), revealed that despite different APTES
concentrations, the amount of amines on the SPION surface did not vary sig-
nificantly, suggesting that excess APTES does not necessarily enhance func-
tionalization efficiency. Further functionalization was carried out using 2
vol% APTES in the silanization reaction.
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Instalment of alkyne click handles

Further modification involved installing alkyne handles on the SPION surface
via NHS-activated organic linkers (small linker and PEG-linker) for subse-
quent click chemistry reactions. TGA confirmed successful conjugation of the
small linker and PEG, with moderate weight loss reductions (90.9% and
90.1%, respectively) compared to APTES-modified SPIONs (92.7%), indicat-
ing successful surface modification (Figure 15a). The quantification of al-
kynes on the SPION surface was achieved by coupling an azide-containing
fluorophore to the alkyne moieties using click chemistry. This method con-
firmed comparable alkyne densities on SPIONs modified with either linker,
crucial for subsequent bioconjugation steps (Figure 15b).
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Figure 15. Characterization of modified SPIONs. (a) TGA profiles of products ob-
tained after indicated modification step, values normalized to 120°C. (b) Quantifica-
tion of alkynes on particle surface using fluorescent click-labelling, values normalized
to umol/g of SPION.

Antibody conjugation

The final step of the functionalization protocol consisted of the bioconjugation
of ICAM1-targeting antibodies (100 pg/mL) to alkyne-modified SPIONS us-
ing CuAAC. Enzymatic modifications to the Fc region of antibodies to intro-
duce azide groups enabled specific and efficient conjugation with SPIONS,
yielding SPION-linker-Ab and SPION-PEG-Ab (products 8 and 11, Figure
6). Characterization using TGA (Figure 14a) and fluorescent labelling of con-
jugated antibodies indicated successful antibody conjugation.

To ensure a thorough comparison, covalently modified SPIONs were eval-
uated alongside control reactions in the absence of copper. This was conducted
to validate the effectiveness of the proposed covalent bioconjugation protocol.
TGA profiles revealed that particles conjugated with antibodies in the absence
of a copper catalyst exhibited lower weight reduction and greater variability
between batches compared to those conjugated in the presence of copper (Fig-
ure 16a). Furthermore, SDS-PAGE analysis was conducted to estimate the
relative ratios of adsorbed versus covalently attached antibodies on the SPION
surface. The results indicated that particles conjugated in the presence of a
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copper catalyst had a fraction of non-covalently attached antibodies, but this
fraction was smaller compared to particles reacted with antibodies in the ab-
sence of copper catalyst (Figure 16b). This suggests that while some non-spe-
cific adsorption still occurs, the use of the copper catalyst greatly enhances the
efficiency of covalent bonding, thereby reducing the extent of non-covalent
antibody attachment. Additionally, increasing the amount of added antibodies
to the reaction resulted in a higher amount of non-covalently attached ligands
(Figure 16b).
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Figure 16. Characterization of antibody conjugation of SPIONs. (a) TGA profiles of
antibody-conjugated SPIONs prepared in presence (+ Cu) and absence (- Cu) of cop-
per catalyst. (b) Quantification using SDS-PAGE of non-covalently attached antibod-
ies on particles prepared with 20-100 pg/mL of added antibody (error bars represent
standard deviation from technical replicates).

Targeting capability of bioconjugated SPIONs in vitro

The biocompatibility of ICAM-targeted SPIONs was investigated by expos-
ing undifferentiated Caco-2 cells to various concentrations of particle suspen-
sions (100-500 pg/mL) for 24 hours. Cell viability remained high even at the
highest particle concentrations tested (Figure 17a). Notably, the SiO» coating
significantly enhanced particle cytocompatibility, with cells showing 89% vi-
ability even at the highest dose, as compared to 69% viability after exposure
to uncoated y-Fe»Ojs particles (Figure 17a). SPION-PEG-Ab exposure resulted
in a moderate decrease in viability (65%), consistent with literature indicating
cytotoxicity of shorter PEG chains.[”* " In contrast, SPION-linker-Ab main-
tained 85% viability at the highest dose, highlighting its cost-effectiveness,
enhanced biocompatibility, and ease of synthesis.

The binding efficacy of both covalently and non-covalently conjugated
SPIONSs, as well as non-targeted particles was investigated on inflammation-
induced Caco-2 cells grown on the bottom surface of Transwell filters. This
inverted setup was considered to prevent nanoparticle sedimentation on the
cell surface during exposure, which could lead to false positive results. The
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inflamed cells were exposed to the different particle formulations for 2 hours
and analysed using ICP-OES. The results revealed a significantly higher
amount of Fe in cells exposed to SPION-linker-Ab and SPION-PEG-Ab com-
pared to their non-targeted or non-covalently bioconjugated counterparts (Fig-
ure 17b, ¢). This demonstrates that the presence of the targeting ligand, com-
bined with covalent conjugation, significantly enhances the binding specific-
ity and efficacy of the nanoparticles.
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Figure 17. Exposure of functionalized SPIONs to Caco-2 cell monolayers. (a) Cell
viability of nondifferentiated Caco-2 cells was assessed after 24-hour exposure to
functionalized SPIONS at various concentrations (100-500 pg/mL). Viability was cal-
culated as a percentage of the control (set to 100%). Quantification of Fe in healthy
(b) and inflamed (c) cell monolayers after SPION exposure using ICP-OES. Differ-
ences were analysed by t-test (*p < 0.05)

To investigate the interactions of antibody-conjugated particles with epithelial

cells, inflammation-induced Caco-2 cell monolayers were grown on the bot-
tom surface of Transwell filters and then exposed to fluorescently tagged
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ICAM1-conjugated SPIONs. The filters were visualized using confocal mi-
croscopy (Figure 18). Despite an inverted setup to prevent sedimentation-
driven interactions, large particle aggregates adhered to the cell surface, indi-
cating active binding (Figure 18a, b). Cross-sectional images showed func-
tionalized SPIONs both apically and internally within the cells, suggesting
cellular internalization (Figure 18c, d).

SPION-linker-Ab SPION-PEG-Ab

Ny 4 A

Figure 18. Confocal images of differentiated and inflammation-induced Caco-2 cell
monolayers cultured in Transwell filters and stained for ICAM1 (red) and nuclei
(blue). Overview (a, b) and cross-sectional (¢, d) images of inflamed cells exposed to
ICAM 1 -functionalized SPIONs, prepared with 100 ug/mL antibody (green) (scale
bar: 20 um).

The fluorophore conjugation to the antibodies both confirmed the presence of
targeting ligands on SPIONs and facilitated imaging. A diffuse green signal
beneath the cell membrane was observed that could originate from Ab-func-
tionalized SPIONs or desorbed, non-covalently bound antibodies. To study
this further, cells were exposed to bioconjugated particles prepared with less
antibody (20 pg/mL, Figure 19a-d). The confocal images were comparable for
both antibody concentration used, showing a faint green signal inside the cells
in both cases (Figures 17c, d and 18c, d). Additionally, when the cells were
exposed to the fluorescently-tagged free antibodies, this diffuse green signal
was not observed inside the cells (Figure 19e, f), suggesting that the green
signal can be attributed to the cellular internalization of bioconjugated SPI-
ONs.

These observations strongly indicate the internalization of functionalized
SPIONS, highlighting their potential for cellular uptake and necessitating fur-
ther investigation into particle uptake mechanisms.
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Figure 19. Confocal images of inflammation-induced Caco-2 cell monolayers cul-
tured in Transwell filters and stained for [CAMI1 (red) and nuclei (blue). (a, b) Over-
view image of cells exposed to ICAM1-modified SPIONSs (green), prepared with 20
pg/mL antibody. Cross-sectional images of cells exposed to fluorescently-tagged free
ICAMI antibodies (green) for 1 (e) and 2 h (f) (scale bar: 20 um).

Targeting efficacy of bioconjugated nanoparticles
colitis-induced mice (Paper I11)

The third paper of the thesis focused on adapting the functionalization proto-
col from Paper II to develop nanoparticles targeting inflamed tissue of mice.
Furthermore, the study aimed to assess their utility as MRI active biosensors
for detecting IBD in vivo. The results highlight the potential of bioconjugated
SPIONS for targeted imaging and diagnostic applications in inflamed intesti-
nal tissues.

Introduction of carboxylic acid moieties

The enzymatic modification of azides on the Fc-region of antibodies ensures
covalent attachment of the targeting ligand without compromising the binding
site, allowing control of the ligand orientation. However, this process may lead
to physisorption of antibodies (as evidenced in Paper II, Figure 16b), which
can detach in complex environments like the GI tract. Conjugating a fluoro-
phore to these antibodies could cause confusion during imaging. Therefore, it
is advantageous to attach the imaging moiety directly to the particle surface to
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avoid uncertainties with physiosorbed protein dynamics. This was achieved
by introducing carboxylic acid moieties to the SPION surface and subse-
quently attach a fluorophore using carbodiimide chemistry.

Following APTES functionalization of SPIONSs, the particles were modi-
fied with 6-heptynoic acid succinimidyl ester and succinic anhydride (product
13, Figure 6). Thus, the instalment of alkyne-linker and carboxylic acid pro-
ceeded simultaneously.

This process yielded particles with carboxylic acid groups and an alkyne-
containing linker, however, experimentally distinguishing between these moi-
eties proved to be challenging. ATR-FTIR confirmed the presence of organic
moieties on the SPION surfaces, however, due to overlapping absorbance
bands, the presence of both moieties could not be conclusively determined
(Figure 20). Similarly, TGA indicated an increase in organic material, but it
was not possible to determine whether this consisted of both moieties or just
one.
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Figure 20. Characterization of SPIONs modified with alkyne-linker and car-
boxylic acids. (a) ATR-FTIR pattern and (b) TGA profile.

Measurements of hydrodynamic size and zeta potential showed a shift to a
negative zeta potential compared to particles only conjugated with the linker,
indicating the presence of carboxylic acid groups. The decreased size in alka-
line media is likely due to electrostatic repulsions between the negatively
charged particles (Table 3).

Another alternative that would circumvent the need for functionalization
reactions of SPIONs was explored by modifying particles with a different al-
kyne-containing linker. Dibenzocyclooctyne (DBCO)-N-hydroxysuccin-
imidyl ester was conjugated onto the SPION surface with succinic anhydride,
producing SPION-COOH-DBCO (product 17, Figure 6). This molecule fea-
tures an internal alkyne in a strained cyclooctyne structure, allowing for cop-
per-free SPAAC. This reaction eliminates the need for copper as a catalyst,
enabling in vivo conjugation of particles and targeting antibodies, and circum-
venting the use of large antibody-nanoparticle conjugates for in vivo targeting.
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This approach could be beneficial to for the particles to diffuse through the
mucus barrier and reach the underlying epithelial cell surface.

Table 3. Hydrodynamic size and zeta potential of functionalized SPIONs in Paper I1
and III.

Functionalized Hydrodynamic size PDI Zeta Solvent
particle potential
SPION 193.7 nm 214 % -30.3 mV DMF
(£ 0.83 nm) (5.6 mV)
SPION-APTES 146.2 nm 18.4 % 33.5mV DMSO
(£ 1.6 nm) *1.2mV)
SPION-alkyne® >1 um 5.1% N/A Tris buffer
SPION-COOH- 190.4 nm 25.5% -34.1 mV Tris buffer
alkyne (£17.4 nm) (0.4 mV)
SPION-COOH- > 1 um 257 % -15.0 mV PBS
alkyne-Ceacam1?
SPION-COOH- >1 um 25.0 % -15.5mV PBS
alkyne-Icam1®
SPION-COOH-DBCO 344.1 nm 26.6 % -29.5 mV PBS
(+ 85.0 nm) (+2.1 mV)

2 Measured in one replicate

Antibody affinity and in vivo targeting

The binding affinity of anti-Ceacam1 and anti-Icam1 antibodies was evaluated
in the colon of colitis-induced transgenic mice expressing CFP-tagged E-cad-
herin. The mice were exposed to fluorescently tagged antibodies following the
procedure described in Figure 8. This investigation aimed to verify the anti-
bodies' ability to bind effectively to their targets prior to conjugation with SPI-
ONs .

The results demonstrated robust binding of anti-Ceacaml antibodies,
prominently expressed on epithelial cell surfaces and in inflamed mucosal ar-
eas lacking epithelium (Figure 21a-c). In contrast, anti-Icaml antibodies
showed minimal expression in confocal images, indicating sparse binding
compared to anti-Ceacaml (Figure 21d-f). Furthermore, this aligns with the
findings in Paper I, which showed that the upregulation of Icaml is signifi-
cantly less pronounced in healthy tissues compared to inflamed tissues, unlike
the upregulation of Ceacam1. The significant difference in protein expression
between Ceacam1 and Icam1 underscore the importance of assessing antibody
binding capacity early in bioconjugated systems as it offers critical insights
for the development of targeted nanoparticles.
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Ceacam1

Figure 21. Fluorescence confocal images of colons from colitis-induced CFP trans-
genic mice depicted epithelial cells (cyan) and fluorescently tagged antibodies (red)
targeting Ceacaml (a-c) and Icaml (d-f) (scale bars: 50 pm).

Targeting efficacy in vivo

The established methods for evaluating bioconjugated particle targeting effi-
cacy in vivo typically involve systemic administration or gavage feeding,™"
particularly for oral delivery applications. For our study focusing on localized
detection of IBD in the colon, gavage feeding is most relevant. However, di-
rect administration into the stomach poses challenges due to its harsh environ-
ment, potentially compromising the integrity and specificity of the SPION-
conjugated antibodies. To overcome these issues, we developed a novel ap-
proach involving rectal administration of bioconjugated SPIONSs directly into
the colon (Figure 8). This method bypasses the harsh upper GI tract condi-
tions, ensuring controlled and targeted delivery to the site of interest. In this
approach, mice were sedated, and after a surgical procedure to empty the
colon's luminal content, fluorescently labelled bioconjugated SPION suspen-
sions were introduced and incubated within the colon.

Quantitative assessment of targeting capability of SPIONs

Ceacam]1- and Icam1-targeted SPIONs were evaluated for their targeting effi-
cacy after in vivo administration. Quantitative assessment involved measuring
iron (Fe) concentrations in colonic tissue samples using ICP-OES. To evaluate
the baseline Fe levels in colons of mice, controls consisting of mice exposed
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to PBS were used. Icam1-conjugated SPIONs showed no increased in binding
affinity to inflamed tissue compared to healthy. This is consistent with the
proteomics analysis in Paper I, indicating less Icam1 upregulation in healthy
versus inflamed tissues (Table 1). It also corresponds well to the low antibody
binding observed in colitis-induced mice (Figure 21d-f). In contrast, signifi-
cantly elevated Fe levels were observed in colons of mice exposed to Cea-
caml-conjugated SPIONs compared to both healthy tissue and those exposed
to Icam1-conjugated SPIONs (Figure 22). The variability among individuals
in disease group is expected, as DSS treatment induces colitis to varying de-
grees, and each mouse responds differently to the treatment (DAI score ranged
between 1.33-4.0). Nonetheless, the significant difference between healthy
and diseased mice exposed to Ceacaml-conjugated SPIONs, which was not
observed in those exposed to Icaml-conjugated SPIONs, suggests that the
Ceacaml-conjugated particles have a specific affinity for targeting diseased
tissue. This finding underscores the potential of Ceacam1-conjugated SPIONs
for targeted diagnosis and treatment of colitis.
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Figure 22. Concentration of Fe in healthy and colitis-induced colons of mice
after exposure to bioconjugated SPIONs. Differences were analysed by t-test
(*p <0.05)

The in vivo click conjugation did not reveal any difference between adminis-
tering the targeting ligand before the particles or administering the particles
alone, based on ICP-OES (not shown). Although the DBCO-conjugated par-
ticles are significantly smaller than those with pre-attached antibodies, they
failed to conjugate with the targeted antibody in vivo.

This failure might be due to the presence of carboxylic acid groups on the
particles. While these groups enhance particle dispersibility due to their neg-
ative charge in alkaline mediums, they might also cause repulsion from the
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slightly negatively charged mucus layer. In contrast, antibody-conjugated par-
ticles, which have a near-neutral zeta potential and surface charge, performed
better at targeting diseased tissue despite being more prone to agglomeration.
These findings highlight the complexities of nanoparticle design and the need
for careful consideration of surface chemistry to optimize targeting efficiency.

Visualization of targeting capability using confocal microscopy

Fluorescence confocal microscopy was utilized to examine colonic tissues
from colitis-induced CFP transgenic mice, revealing distinct morphological
changes indicative of inflammation severity. Severely damaged mucosal tis-
sue showed crypt loss and complete de-epithelialization (Figure 23a, b) and
areas with moderate damage displayed irregular epithelial structures (Figure
23c, d).

Ceacaml-conjugated SPIONs were found abundantly in severely inflamed
regions, adhering prominently to loose connective tissue (Figure 23b). In mod-
erately affected areas, SPIONs were localized near the epithelial layer, likely
hindered by the mucus layer from reaching the underlying tissue (Figure 23d).
Previous studies have demonstrated depletion of sentinel goblet cells and mu-
cus barrier failure after DSS treatment of mice, ****! supporting the observa-
tion that highly damaged and de-epithelialized mucosa lack the mucosal bar-
rier and thus interfere less with SPION binding to the tissue. In areas with a
functioning mucus barrier, large particle agglomerates were observed to be
entrapped in the mucus (Figure 23e, f). Thus, the severity of inflammation
influenced the mucus layer’s protective function, which in turn appeared to
affect nanoparticle distribution.
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De-epithelialized mucosa ¢ Moderately damaged mucosa

Mucus barrier
f

Figure 23. Fluorescence confocal images of colons from colitis-induced CFP trans-
genic mice depicted epithelial cells (cyan) and Ceacaml-conjugated particles (red).
(a, c) Ceacaml-conjugated SPIONs (red) found in de-epithelialized area with severe
crypt and epithelial loss in (c, d) Epithelial irregularities in moderately damaged mu-
cosa. Arrows indicate SPION localization. (scale bar: (a-d) 50 pm). (e, f) Confocal
microscopy of mucus layer with presence of agglomerates of Ceacaml-conjugated
particles (red) demonstrated in overview (e) and cross-sectional (f) images (scale bar:
(a) 20 pm and (b) 30 pm).

Furthermore, the DBCO-conjugated linker enabled copper-free click chemis-
try for in vivo conjugation of SPIONs. These particles were hypothesized to
exhibit enhanced dispersibility and permeation since they lack the antibody
upon administration but are designed to conjugate with the targeting ligand in
vivo. Confocal microscopy results appeared promising, indicating successful
in vivo conjugation especially in de-epithelialized mucosa. However, a signif-
icant number of particles were trapped in the mucus layer, highlighting the
complexity of overcoming biological barriers (Figure 24). This finding sug-
gests that while the hydrodynamic diameter of these particles might have been
smaller, they had a more negative surface charge that could hinder effective
diffusion through the negatively charged mucus layer, as compared to the
larger antibody-conjugated particles with near neutral surface charge.
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De-epithelialized mucosa

Moderately damaged mucosa

Figure 24. Fluorescence confocal images of colons from colitis-induced CFP
reporter mice visualized epithelial cells (cyan) and DBCO-functionalized par-
ticles (red). (a, b) Severely damaged de-epithelialized mucosal tissue demon-
strated large accumulation of particles along the underlying loose connective
tissue. (¢, d) In moderately damaged areas, SPION-COOH-DBCO were found
in the mucus layer. (scale bars: 50um)

Detection of bioconjugated nanoparticles in vivo using MRI

Analysis of Ceacaml-targeted and DBCO-conjugated SPIONSs in colitis-in-
duced mice using MRI was conducted to evaluate their diagnostic potential to
localize inflamed lesions in ulcerative colitis.

Fluorescent confocal microscopy provides a highly sensitive visualization
of thin tissue slices, directly tracking the particles. In contrast, MRI detects
signals from the relaxation of magnetic moments of water protons in the sur-
rounding tissue, not the particles themselves. MRI generates 3D images, re-
quiring volume considerations when comparing with microscopy images. Ad-
ditionally, MRI is susceptible to artefacts such as air bubbles adhering to the
tissue, which may produce signals not present in confocal microscopy.

Once volume differences were accounted for, overlapping signals were ob-
served in both imaging techniques (Figure 25). Furthermore, a distinct differ-
ence in MRI signal (white) was noted between healthy (Figure 25b) and DSS-
treated colitis-induced mice (Figure 25a). This highlights the enhanced con-
trast provided by Ceacaml-targeted SPIONs in inflamed tissue, supporting
their potential utility for IBD diagnosis.
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Figure 25. Overlaid images from MRI and confocal microscopy of colons from coli-
tis-induced CFP reporter mice visualized epithelial cells (cyan) and SPION-COOH-
alkyne-Ceacaml (red). (a) DSS-treated and (b) healthy mice exposed to Ceacaml-
conjugated particles. Rendered MRI contrast corresponds to white signal.
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Conclusions

This thesis includes the identification of preclinical IBD biomarkers, develop-
ment and design of SPIONs targeting those biomarkers, and the utility of bio-
conjugated particles for targeted imaging and diagnostic applications in IBD.
Through the introduction of functional groups and conjugation with specific
antibodies, the potential for precise targeting and imaging in inflammatory
conditions was assessed.

The specific conclusions of the thesis are:

e Global proteomics analysis identified upregulated inflammatory
proteins Tgm2/TGM2, Ceacam1/CEACAMI, Icam1/ICAM1, and
Anxal/ANXA1 as common biomarkers in in vitro and in vivo IBD
models, making them promising targets for diagnostic imaging
probes (Paper I).

e Biomarkers such as Mpo, calprotectin (S100a8 and S100a9), Ltf,
and Epx, were highly upregulated secreted proteins in the in vivo
mouse model, providing quantitative information about IBD activ-
ity in the GI tract (Paper I).

e [CAMI-targeting antibodies were conjugated to alkyne-modified
SPIONSs using CuAAC. Characterization confirmed successful an-
tibody conjugation, and TGA and SDS-PAGE analyses indicated
that the use of a copper catalyst enhanced covalent bonding effi-
ciency, reducing non-covalent antibody attachment (Paper II).

e [CAM-targeted SPIONs exhibited high biocompatibility in undif-
ferentiated Caco-2 cells, with SiO, coating markedly enhancing cell
viability (Paper II).

e Covalently conjugated SPIONs demonstrated significantly higher
binding efficacy to inflamed Caco-2 cells compared to non-targeted
or non-covalently conjugated particles, highlighting the importance
of targeting ligands and covalent conjugation for specific binding
(Paper II).

e Surface modifications of SPIONs with alkyne and carboxylic acid
groups enabled smaller hydrodynamic diameter prior to bioconju-
gation using click chemistry, confirmed by DLS (Paper III).
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Antibodies targeting Icam1 and Ceacaml, biomarkers upregulated
in IBD, were successfully conjugated to the SPIONS, as verified by
hydrodynamic size, surface charge measurements and fluorescent
labelling of alkynes (Paper I1I).

An experimental protocol for rectal administration of bioconju-
gated SPIONs in mice was developed, demonstrating effective tar-
geted delivery to the colon while bypassing the upper GI tract (Pa-
per III).

Imaging techniques revealed that Ceacaml-conjugated SPIONs
preferentially accumulated in severely inflamed regions of the co-
lon, providing insights into the severity and distribution of inflam-
mation (Paper III).

MRI of colons from mice exposed to Ceacam1-conjugated SPIONs
demonstrated a distinct difference in signal between healthy and
diseased mice, highlighting the enhanced contrast provided by tar-
geted SPIONSs in inflamed tissue. This supports their potential util-
ity for IBD diagnosis (Paper I1I).



Future perspectives

While the advancements in nanoparticle-based targeting are promising, sev-
eral challenges remain. Ensuring the stability of targeted nanoparticles in the
complex GI environment after oral administration is critical. One potential
solution to protect the nanoparticle and its targeting moiety from the harsh GI
conditions is by administrating the nanoparticle system in enteric-coated cap-
sules. This approach ensures that SPIONs are released in the small intestine,
improving their stability and effectiveness in targeting inflamed tissues.

Additionally, understanding the long-term effects and potential toxicity of
SPIONSs is essential for their clinical translation. The ICAM1-conjugated SPI-
ON:s in this thesis demonstrated cellular interactions and internalization, mak-
ing the concerns about long-term effects even more relevant. Future studies
should focus on the identification of primary cellular uptake mechanisms, us-
ing e.g. chemical endocytosis inhibitors, building on previous findings that
particles conjugated with ICAM1 predominantly utilize CAM-mediated path-
ways for internalization in Caco-2 cells. These observations highlight the in-
ternalization potential of functionalized SPIONS, necessitating further inves-
tigation into particle uptake mechanisms in vitro, as well as studying the me-
tabolism and elimination of the particles in vivo.

In this thesis, overexpressed IBD targets were identified using global pro-
teomics analysis, however, all of the found biomarkers were also present in
healthy tissue. This highlights the challenges of identifying an optimal bi-
omarker that enables differentiation between the healthy and inflamed state.
Thus, a critical advancement would be the expansion of biomarkers, which
could significantly enhance the accuracy of targeted diagnostics. Moreover,
the integration of advanced bioinformatics and machine learning techniques
can enhance the analysis and interpretation of proteomic data, leading to the
discovery of novel biomarkers and therapeutic targets. Collaboration between
multidisciplinary teams, including clinicians, biologists, and engineers, will
be vital in driving these innovations from bench to bedside.

Furthermore, the development of nanoparticle-based strategies holds po-
tential not only for early and accurate diagnosis of IBD but also for targeted
drug delivery. This dual therapeutic and diagnostic ("theranostic") approach
offers a comprehensive solution for managing GI diseases. By combining di-
agnostic imaging with targeted therapy, it is possible to monitor disease
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progression and response to treatment more effectively, leading to improved
patient outcomes.

In conclusion, the advancements in bioconjugated SPIONs for IBD diag-
nostics and treatment are paving the way for innovative, effective, and com-
prehensive approaches to managing GI diseases. The continuous research and
development in this field promise to bring significant improvements in the
accuracy of diagnosis and efficacy of treatments for IBD patients.
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