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Thesis Abstract

Proteolysis-targeting Chimeras (PROTACSs) are revolutionary molecules that induce target
protein degradation and, therefore, are suited for intractable drug targets. However, they
challenge traditional delivery methods for small molecules via the oral route due to their
complex physiochemical properties. Delivery using mesoporous carriers emerge as an
advanced strategy that could address PROTACs challenges and aid their delivery to target
sites. The colon is one such site with promise for oral delivery of these molecules due to low
degradative capacity and efflux compared to other regions. This thesis aims to engineer a
novel mesoporous carrier to enhance the delivery of small and mid-sized molecules to the
colon. The work investigated the effects of different atomisation nozzles and process
parameters on physical properties of the novel carrier. This was followed by assessment of its
ability to accommodate complex molecules like PROTACs and loading characterisation.
Finally, colonic targeting of loaded carrier with different molecules was investigated.

Optimising atomisation and spray drying parameters led to carrier particles which retained
their porosity and solubility-enhancing function but acquired spherical, non-deflated
morphology with uniform size distribution. The poorly soluble model PROTAC, MZ1, was
loaded into the engineered carrier leading to significant dissolution enhancement. However,
imaging techniques revealed the loaded drug was mainly located within the larger pores near
the periphery of the carrier, possibly due to difficulty to diffuse deeper. The carrier was also
tested for its targeted colonic release using a capping material incorporated within Felodipine-
loaded and MZ1-loaded formulations, respectively. In vitro dissolution tests in simulated media
demonstrated selective colonic release upon exposure to colonic enzymes. This work
demonstrated the capability of mesoporous carriers to improve the dissolution profile and
simultaneously deliver drugs, like PROTACSs, into colonic environment where absorption could
occur. The work paves the way for translation of challenging molecules into oral dosage forms.

Keywords: mesoporous particles, atomisation, PROTAC, MZ1, colon-targeted delivery,
colon-specific
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Recent scientific breakthroughs have revealed a deep understanding of the molecular
mechanisms driving a number of diseases. This has motivated scientists to explore and
modulate the molecular targets with enhanced precision, reshaping the field of targeted
therapy (Martin-Acosta & Xiao, 2021). The discovery of new therapeutic modalities has, thus,
been the focus of the pharmaceutical industry, but, despite these advancements, its progress
is impeded by intractable molecular targets that cannot be tackled by traditional small
molecules. Unfortunately, only 20% of pathogenic protein targets have been identified as
being effectively targeted by pharmaceutical agents (Sun et al., 2019). The remaining majority
are classified as “undruggable” by conventional therapies.

Accordingly, the scientific community and pharmaceutical industry have shifted their focus
from developing and modifying small molecules to genuinely discovering new targeted
therapies. This comes with the fact that the pipeline of developing small molecules has entered
a bottleneck stage with escalating barriers, such as evolving resistance, toxicity, and reduced
activity against drug targets (Liang et al., 2020).

To overcome the challenges posed by small molecule therapeutics, proteolysis-targeting
chimeras (PROTACSs) have emerged with promising potential to induce degradation of targets
that were previously thought to be unreachable. PROTACs are considered bifunctional, mid-
sized molecules that bring together a disease-causing protein and an E3 ligase. This close
interaction forms a ternary complex that initiates protein degradation by activating the cell’s
proteasome system (Békés et al., 2022). In fact, their discovery has led to the recognition of
new drug targets, particularly in oncology (Yan et al., 2024). Unlike small molecules which
merely inhibit protein function, PROTACSs trigger the degradation of disease-driving targets by
using the body’s inherent protein clearance machinery, providing an opportunity to modulate
a wide array of targets and minimise drug resistance (Sun et al., 2019; Wang et al., 2023).
However, PROTACSs do not contribute to the evolving field of drug development without being
accompanied by challenges. Their structural complexity places them in a chemical space
beyond the rule of five, which affects their physiochemical and pharmacokinetic properties
(Madan et al., 2022; Pike et al., 2020). In general, poor water solubility and reduced cell
permeability of PROTACs that lead to low oral bioavailability represent the greatest obstacle
to their fast clinical translation (Moon et al., 2023). This indeed creates a burden on the
pharmaceutical industry to design innovate technologies to overcome these hurdles. The
demand of the current era lies in the need for formulation strategies that can encompass the
complexity of these molecules while addressing their delivery challenges.

Scientific research does not thoroughly discuss the delivery strategies of PROTACs. The field,
thus, remains relatively unexplored, with very scarce literature body approaching this concept.

Early insights into the delivery strategies adopted to improve the physiochemical properties,
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particularly solubility of PROTACs, mainly revolved around traditional formulation designs,
such as amorphous solid dispersions (ASDs).

Four key contributions to enhance the solubility of model PROTACSs using ASDs were reported
in literature, advancing our understanding from a formulation design perspective. Studies by
Pdstges and colleagues (2023), Hofmann and co-workers (2024), Mareczek et al. (2024), and
Zhang et al. (2025a) reinforced the dissolution enhancement function of ASDs beyond small
molecules to include PROTACs. Whether the PROTACs were crystalline or amorphous in
binary or ternary ASDs, enhanced dissolution performances compared to raw forms were
noticed. Different mechanisms contributed to these observations such as improved wettability,
supersaturation and molecular interactions that stabilise the amorphous forms, and formation
of reservoirs. Altogether, these findings indicate that with several preparation methods and
proper polymer selection, ASDs can successfully accommodate PROTACs with different E3
ligase recruiting capacities (Hofmann et al., 2024; Mareczek et al., 2024; Postges et al., 2023;
Zhang et al., 2025a).

Another conventional strategy employed to enhance the pharmacokinetic performance of
PROTACs was lipid-based systems (Gong et al., 2024a; Saraswat et al., 2024). It is
noteworthy to mention that traditional delivery formulations, such as amorphous solid
dispersions, are at risk of losing their stability and homogeneity (Al-Japairai et al., 2023). The
thermodynamic advantage that is imparted by solid dispersions can be compromised by the
tendency of amorphous drugs to recrystallise (Al-Japairai et al., 2023). Stability upon storage
is another issue associated with ASDs that concerns the industry, with phase separation
representing one form of storage instability (Meere et al., 2019). Consequently, limitations
related to drug loading come into play, with increased tendency to lose stability upon high drug
loadings (Anane-Adjei et al., 2022). Scalability of ASDs to large-scale productions is another
concern (He & Ho, 2015). Although traditional ASDs gained prominent recognition in literature
and demonstrated robust solubility enhancement of conventional and innovative molecules,
the identified limitations call for an improved alternative and more complex delivery system to
meet the rapidly evolving field of drug development. Mesoporous particles, thus, stand out as
advanced and refined forms of ASDs (Le, 2021), while still retaining the solubility
enhancement effect. The fundamental distinguishing factor between the two is the
amorphisation strategy (Schittny et al., 2020; Zhang et al., 2022a). With mesoporous particles,
stabilisation of the amorphous form is achieved through confinement within pores, whose
nanoscale prevents recrystallisation (Zhang et al., 2022a). The superiority of amorphous
formulations based on mesoporous silica over solid dispersions in terms of enhanced stability
and dissolution performance was demonstrated in literature (Zhang et al., 2022a).

Several techniques have been employed to engineer the structure of ASDs and mesoporous

particles, with spray drying being a cornerstone for both strategies. Scalability and fine tuning

S.J. Alshatti, PhD Thesis, Aston University 2025 19



of the properties of the produced particles make spray drying an appealing method for particle
engineering (Wang et al., 2021). These advantages become even more pronounced when
ultrasonic atomisation is employed in spray drying. Particle size and uniformity can be carefully
controlled, for example, with ultrasonic atomisation, whose fine mist and droplet formation
mechanism account for better product and process outcomes (Khaire & Gogate, 2020). Thus,
spray drying via ultrasonic atomisation is considered a viable technique to generate and
optimise mesoporous particles.

The clinical implementation of this novel delivery technology that combines PROTAC
molecules with ultrasonic-assisted spray drying to generate polymeric mesoporous particles
becomes essential to validate its therapeutic potential in addressing the gap between
laboratory research and clinical practice. In this context, one form of clinical application is
exploring the targeting capability of the mesoporous system to release drugs, such as
PROTAC S, in a specific site. The colon, thus, is a region that holds great promise due to its
stable environment that allows tailored drug release in response to characteristic features,
notably the diverse microbiome, favourable pH, and extended transit time (Awad et al., 2022).
It is, however, the colon’s lower expression of efflux transporters, namely P-gp, that could be
exploited to circumvent the low permeability of PROTACs (McCoubrey et al., 2023).

The research carried out in this thesis explores the untapped potential of advanced
mesoporous carriers optimised by ultrasonic atomisation to address the delivery challenges
of next-generation molecules and explore their selective targeting to the colon. The novelty of
this work lies in investigating the functionality of CAB (cellulose acetate butyrate)-based
mesoporous particles to accommodate a variety of molecules, improving the loading and
solubility of PROTACSs, and targeting the whole system to the colon as a site for selective
therapeutic applications. The next sections of this chapter will provide a comprehensive
overview of spray drying via ultrasonic atomisation, PROTACs, and colon-targeted delivery.
This will, indeed, clarify and strengthen the understanding of the concepts and discussions

presented in the upcoming experimental chapters.
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1.1. Emergence of Next-generation Molecules, Associated Challenges, and Current
Delivery Strategies

It was not until nowadays that complete eradication of pathogenic protein targets was made
possible, namely by the advent of PROTACs. These new frontiers in targeted therapy have
been identified as the pillars of the modern pharmacological era, owing to their ability to tackle

protein targets that were previously categorised as “undruggable” by conventional therapy.

1.1.1. Structure of PROTACs

These molecules are known for being heterobifunctional, possessing two functional ends. At
one end is a ligand that connects to an E3 ligase while the other end is a different ligand that
brings a protein of interest into degradation. The two ligands are connected by a linker to
create a ternary complex, which upon forming initiates the degradation mechanism (Békés et
al., 2022). Figure 1.1 illustrates what PROTACs are composed of.

Protein Ligand

I /' Linker ||

S

Ligase Ligand

Protein Target E3 Ligase

PROTAC Molecule

Figure 1.1. Schematic diagram of PROTAC structure

With regards to the functionality of the PROTAC molecule, each component of the structure
is as crucial as the other. Yet, ligands binding to E3 ligases serve as key elements as they are
responsible for recruiting the ligase and initiating the degradation process (Liu et al., 2023).
The ability of a PROTAC molecule to tag a protein target for degradation is greatly influenced
by the choice of the ligase. For example, Sobierajski and colleagues (2024) stated that some
E3 ligases are present in abundancy in certain tumours, varying in their intracellular
expression. Others favour certain protein targets and possess higher affinities to them.
Altogether, these preferences highlight the role of E3 ligases in determining the selectivity of
the PROTAC (Sobierajski et al, 2024). While the human genome harbours more than 600
known E3 ligases, only few (approximately 2%) have been harnessed in the design of
PROTACSs (Liu et al., 2023). So far, the synthesised PROTACs have been mainly designed
but are not limited to recruit von Hippel-Lindau (VHL), cereblon (CRBN), and mouse double

minute 2 homologue (MDM2) E3 ligases (Sobierajski et al, 2024). Other less common ligases
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that were studied via experimentation include DDB1 (DNA damage binding protein 1), CUL4
associated factor 15 (DCAF15), inhibitor of apoptosis (IAP), and kelch-like ECH-associated
protein-1 (KEAP1) (Bricelj et al., 2021). Despite this diverse selection, only VHL and cereblon-
based PROTACSs have currently progressed into clinical trials to facilitate protein degradation,
mainly due to their ease of synthesis, vast expression in human body, and widely available
ligands (Bricelj et al., 2021; Lee et al. 2022; Sobierajski et al, 2024). This restriction in the
clinical application of E3 ligases presents a scientific opportunity to investigate a largely
unexplored set of E3 ligases and discover new candidates that could add to the versatility of
PROTACS.

While the affinity of the ligands to their substrates remains important in determining the
bioactivity of PROTACSs, it is not the sole determinant as the role of linkers come into play.
The ability of the linker to pair the ligands together and form a ternary complex is recognised
as crucial for the degradative function (Troup et al., 2020). Hence, the optimisation of the linker
in terms of its length, functional group composition, and attachment points is deemed
necessary yet challenging (Troup et al., 2020). Previous studies showed that the formation of
the ternary structure is governed by the length of the linker, which can either weaken or
strengthen the interaction of the E3 ligase with the protein of interest and affect the assembly
into a ternary complex (Dong et al., 2024). For example, a group of researchers investigated
the impact of linker length of the proposed PROTAC on the degradation of KEAP1 protein
(Chen et al., 2023). It was found that the activity of the PROTAC was higher when the linker
consisted of 8 to 13 atoms. Shortening the linker length to 7 atoms or less reduces the
degradation potency of the PROTAC against KEAP1 (Chen et al., 2023). Conversely, another
group of researchers investigated the effect of linker length on the potency of a model
degrader with ethylene glycol linker (Zhou et al., 2022). The length of the linker was varied
between one, two, and four ethylene glycol units. Results showed that the shortest linker (i.e.
with one ethylene glycol unit) proved to be of highest degradative potency, which otherwise
decreased when the linker was elongated (Zhou et al., 2022). Altogether, these findings
highlight the importance of determining the optimal linker length to achieve a stable ternary

complex with the highest degradation activity.

1.1.2. Mechanism of Action of PROTAC Molecules

A PROTAC induces the degradation of pathogenic proteins by utilising the body’s natural
protein disposal machinery known as ubiquitin-proteasome system, or UPS (Wang et al.,
2023). The process of degrading the target protein via UPS consists of a series of sequential
steps, starting with ubiquitination of a protein followed by proteasomal-mediated degradation
(Xie & Zhang, 2024).
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Ubiquitination is a vital process for maintaining cellular homeostasis and regulating cellular
processes. In fact, it is an enzymatic cascade carried out by three ubiquitin ligases, E1, E2,
and E3. It involves the activation, conjugation, and ligation of ubiquitin, the transfer of which
to an end substrate modifies a plethora of protein-related activities (Sincere et al., 2023; Xie
& Zhang, 2024). The process of ubiquitin activation is initiated by E1 enzyme forming a
thioester bond with the ubiquitin molecule to activate it. Once activated, ubiquitin is passed on
to an E2 enzyme as part of the multi-step degradation process. The E2 enzyme cannot trigger
degradation without cooperating with the E3 enzyme. The latter identifies the protein to destroy
and bridges the transfer of ubiquitin molecule from an E2 enzyme to the protein substrate (Xie
& Zhang, 2024). As the process repeats itself, the target protein gets tagged with several
ubiquitin moieties such that it becomes recognisable by the proteasome system (Li & Crews,
2022).

Within the 26S proteasome, ubiquitin receptors recognise the protein that is then
deubiquitinated, unfolded, and sent to the catalytic core for degradation into its constituent
peptides and amino acid fragments (Xie & Zhang, 2024). It can be understood that the
activation of this proteasome-based degradation is thus driven by the engagement of an E2-
E3-ubiquitin complex with a protein of interest. The role of a PROTAC molecule comes into
play as it brings the two in close proximity via its ligands, forming a ternary complex (Li &
Crews, 2022). The formation of the latter mediates the transfer of ubiquitin and initiates
degradation (Li & Crews, 2022). Figure 1.2 shows the mechanism of ubiquitination and the

role of PROTACSs in recruiting the E3 ligase.
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Figure 1.2. A) An llustration of the proteasome ubiquitin system within the human body. B) The
PROTAC molecule induces the formation of a ternary complex that mediates proteasome-dependent
protein degradation (adapted from Pichlack et al., 2023)

1.1.3. Advantages and Limitations of PROTACs

Years of research have not yet unravelled the dilemma associated with drug resistance and
selectivity of anticancer treatment. Despite the success achieved with targeted therapy,
namely small molecule inhibitors (SMIs) and monoclonal antibodies, scientists still face
shortcomings with both traditional and targeted cancer therapy (Qi et al., 2021). In fact, there
is a need for more effective targeted therapeutic options, where PROTACs come into play with
their unique mode of action that distinguishes them from other therapeutic modalities like
SMis. The inhibitory pharmacological effect of the latter can only be seen with physical
occupation of the protein’s active pocket site. Nevertheless, some disease-driving proteins,
for example transcription factors, cannot be tackled due to mutations or the lack of an active

binding site, rendering them “undruggable”. PROTACs can unlock the undruggable space as
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they behave in a catalytic manner that is based on a transient interaction rather than constant,
sustained binding. The degradative activity can be induced through proximity-based
recruitment of the protein target by the ligand that can attach anywhere on the protein without
the need for high affinity blocking of the protein’s active site (Ma et al., 2022; Neklesa et al.,
2017; Paiva & Crews, 2019).

With their unique mechanism of action, PROTACSs are capable of eradicating the entire protein
of interest directly rather than merely blocking an active site to inhibit its activity as it is the
case with SMI or intervening at the genetic level as with DNA (Deoxyribonucleic acid)- or RNA
(Ribonucleic acid)-targeted therapies (Gao et al., 2020; Graham, 2022). This mechanism
allows the PROTAC to detach easily from the complex and engage in another degradative
cycle (Ma et al., 2022). Because of this recycling activity, PROTACs tend to knockdown the
target at lower doses compared to SMIs, thus minimising dose-related toxicity and increasing
the therapeutic window (Békeés et al., 2022; Chen et al., 2023).

Moreover, because of this proximity-based mechanism, it is unlikely for mutations to arise
because the target is exposed to the PROTAC molecule for a brief period of time that is only
sufficient enough to induce the ubiquitin transfer and activate the degradation process. The
exposure is not long enough to trigger mutations and, therefore, PROTACs can minimise the
likelihood of drug resistance emergence that occur due to mutations in the active pocket site
as seen with other drug modalities (Graham, 2022).

In addition, PROTACs have superior selectivity due to their interaction with specific ligases,
which can selectively identify the protein of interest from other closely related proteins within
the family (Liu et al., 2022; Neklesa et al., 2017). This is achievable by combining different
ligands of E3 enzyme and the protein target in addition to optimising linker composition to
achieve enhanced specificity (Graham, 2022). Not only that, but they can also degrade
intracellular protein targets that reside inside the cell rather than the surfaces. These
intracellular targets were, thus, once considered unreachable by conventional therapies
(Rutherford & McManus, 2024).

It should be noted that the binding of SMIs to a target protein can result in overexpression,
accumulation, and subsequent resistance due to compensatory mechanism. While this
remains an issue with SMls, PROTACs, with their unique mechanism, can surmount that and
eliminate proteins that show reduced sensitivity as a result of overexpression (Neklesa et al.,
2017). Collectively, PROTACs show considerable promise for overcoming the limitations
associated with anticancer drugs.

While there is no silver bullet, the journey of developing a PROTAC is full of hurdles. Although
PROTACs can combat the issue of resistance associated with conventional drug therapies
because of their unique mechanism of action, tumour cells can always exploit biological

loopholes to evade new drugs and develop resistance. It was found that cancer cells targeted
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with PROTACSs over a long period of time can develop resistance, however, by different means
compared to conventional treatments (Graham, 2022). Resistance is mediated with the latter
by mutations within the protein that hinder the binding process. Meanwhile, with PROTACs,
resistance is triggered at the genomic level through deletion or loss of the genes encoding for
E3 ligase machinery involved in the ternary complexes (Graham, 2022). It is noteworthy to
emphasise that cells can easily signal the deletion of such ligases, whose loss would not affect
the viability of cells (Békés et al., 2022).

The ability of PROTACs to tackle membrane proteins is another questionable limitation.
Because the UPS is localised within the cytoplasm, PROTAC molecules cannot degrade those
targets that are beyond the reach of the UPS such as cell-surface proteins (Békés et al., 2022).
Among all the shortcomings of PROTAC molecules, poor physiochemical properties that
hinder their oral administration stand out as the challenge with great relevancy to the scope of
this thesis. PROTACs possess challenging physiochemical properties as they fall in a
chemical space beyond the rule of five (Madan et al., 2022). Such molecules violate the well-
known Lipinski’s rule of 5 (Ro5) that predicts the oral solubility and permeability of a drug. For
a drug to exert its therapeutic effect orally, it needs to have a molecular mass less than 500
Da, calculated Log P of less than five, and no more than five and ten hydrogen bond donors
and acceptors, respectively (Madan et al., 2022). Protein degraders, on the other hand, do not
meet this rule and possess unfavourable physiochemical properties, owing mainly to their
large molecular mass and high lipophilicity (Madan et al., 2022). From a drug delivery
perspective, the challenge with PROTACs lies in their inferior oral bioavailability and low
solubility and cell permeability.

Yet, some PROTACs can be potentially taken orally and are currently in clinical trials, with
CRBN-based PROTACs being more promising candidates for oral delivery than VHL-based
molecules. This is mainly due to the lower molecular weight that molecules with CRBN E3
ligase possess (Apprato et al., 2024). Thus, the type of E3 ligase incorporated into the
structure can dictate the physiochemical properties of the PROTAC.

However, not only extrinsic factors such as the type of E3 ligase being recruited affect the
physiochemical properties of a PROTAC molecule, but also the intrinsic factors represented
by the design of the PROTAC structure that is inclusive of its warhead, linker, and ligands. For
example, Garcia Jiménez and colleagues (2022) investigated whether the solubility of
PROTACs can be predicted from their warhead, linker, and ligand design. Two PROTACSs,
MZ1 and MZP-54, shared the same structure that differed only in the type of warhead
incorporated. JQ1 was the warhead employed with MZ1 while [-BET726 was the one
associated with MZP-54. Both PROTACSs experienced inferior solubility; yet, MZP-54 showed
poorer solubility compared to MZ1 because its warhead was less soluble. This highlights how

the structure of a PROTAC can determine the physiochemical properties including solubility
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and identifies the need for solubility enhancement technologies. In another study conducted
by Apprato and colleagues (2024) on PROTACs with reported oral bioavailability in mice,
36.36% of their data set showed extremely low oral bioavailability in animals, further
emphasising the need to optimise the performance and properties of PROTACs via utilising
drug delivery platforms. It would be more feasible to utilise drug delivery technologies to
enhance the bioavailability and solubility issues of PROTACs than revisiting the chemical
synthesis processes. Despite that, the majority of the work done in literature focused on the
synthetic approach, and only few articles tackled the targeting efficiency and properties that

affect the oral bioavailability of these molecules.

1.1.4. Optimising Drug Delivery of PROTACs

While PROTACs present a breakthrough in the field of targeted medicine and offer new
exciting possibilities, their translation from bench to bedside is being hindered by their
biopharmaceutical properties. In fact, poor solubility, permeability, and bioavailability cause
suboptimal therapeutic effects as PROTACs fail to present with an effective concentration.
Their practical implementation can be made possible by the use of drug delivery systems that
alter the targeting efficacy and biopharmaceutical behaviour of these molecules towards a
more promising delivery profile and therapeutic outcome. Several strategies, namely
polymeric and lipid-based nanoparticles, prodrugs, and amorphous solid dispersions, are
being employed in an attempt to expedite the transition of PROTACs from preclinical studies

to clinical application.

a. Polymeric Nanoparticles

Among the different types of nanoparticles available, polymeric nanoparticles emerge as a
technology for effective targeting. Saraswat and co-workers (2020) demonstrated that
polymeric nanoparticles can be employed to achieve this goal. The PROTAC molecule
investigated in their study was ARV-825, which shows poor pharmacokinetic profile, such as
low aqueous solubility and rapid metabolism. The incorporation of this PROTAC into a
biodegradable, targeted moiety through the utilisation of polylactide-co-glycolide (PLGA) and
polyethylene glycol (PEG), respectively, addressed some of the issues associated with the
PROTAC. The nanoparticle system minimised degradation by enzymes, protecting the drug
load from rapid metabolism. Meanwhile, surface modification with PEG conjugation enhanced
the targeting efficiency to the tumour site by enabling the PROTAC to evade destruction by
the immune system and accumulate at the target site. The nano formulation was not only able
enhance the cytotoxic activity compared to raw drug but also achieve controlled drug release
(Minko, 2020; Saraswat et al., 2020).
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b. Lipid-based Carriers

A variety of lipid-based platforms have been used to enhance the stability and targeted
delivery of PROTACs within and beyond the field of oncology. For example, Gong and
colleagues (2024a) developed a novel nanocomplex of lipidoids. The complex was created to
destroy Tau aggregates that were potentially thought to contribute to the pathophysiology of
Alzheimer's disease. The free PROTAC molecule, peptide 1, experienced poor stability in the
serum and difficulty in penetrating the blood brain barrier. When the PROTAC was loaded into
the neurotransmitter-derived lipidoids to form nanocomplexes, a relatively high encapsulation
efficiency of 60% was obtained, and the complex demonstrated good penetration across the
blood brain barrier, delivering the PROTAC to the neuronal cells. This finding highlighted how
drug delivery systems can help with the permeability and stability of PROTACs (Gong et al.,
2024a). Their work demonstrated that the delivery of PROTAC molecules is spanning into
areas beyond oncology.

Despite that, cancer treatment remains the cornerstone of the PROTAC modality. Therefore,
another attempt was made by Saraswat and colleagues (2024) using lipid nanocarriers to
simultaneously deliver PROTACs and plasmids to treat resistant melanoma. A number of
molecular pathways that include BRAF mutations and activation of c-MYC oncogene drive
skin malignancy. BRAF inhibitors like vemurafenib have been developed, yet with resistance
emerging shortly over prolonged use. BRAF resistant melanoma tissues have shown
upregulation in BRD4 (Bromodomain containing protein 4), a protein target, in addition to a
loss in a tumour suppressor gene known as PTEN (phosphatase and tensin homolog).
Therefore, the group focused on co-delivering a PROTAC molecule that targets BRD4 and a
PTEN plasmid as synergetic therapy to overcome the resistance associated with melanoma.
However, the two differ in their physiochemical properties and hence were delivered
separately but under the same delivery approach of lipid-based carrier. Because the PROTAC
they used suffers from several physiochemical challenges such as poor solubility and
permeability in addition to encapsulation difficulty, it was loaded into nanoliposomes to
address these delivery challenges (Saraswat et al., 2024).

The lipid bilayer of the liposomal structure helped with the entrapment of such a large lipophilic
molecule, increasing its stability. Moreover, this incorporation helped with overcoming the
PROTAC’s poor aqueous solubility. It also assisted in cellular uptake due its resemblance to
cell membranes, thus enhancing the permeability of the PROTAC. This work illustrated the
potential use of lipid-based platforms to address the delivery challenges of PROTACs in
cancer therapy.

A similar investigation was carried out by Zhang and co-workers (2025b) to enhance the
degradative and delivery efficiency of PROTACs. Given the poor aqueous solubility of the

PROTAC DT2216, the researchers formulated a liposomal nano-delivery system to
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incorporate DT2216, which is otherwise not soluble without the addition of a minimum of 10%
(v/v) of dimethyl sulfoxide. The addition of such a harsh solvent raises safety concerns, and
the resistance to PROTACs acquired by tumours necessitate a novel delivery vehicle to
degrade the protein targets.

From this perspective, Zhang and colleagues (2025b) prepared a cationic liposomal carrier for
the co-delivery of a PROTAC molecule and SiRNA (small interfering RNA) to target the protein
BCL-XL at the protein and gene level, respectively. They managed to successfully
encapsulate the poorly soluble DT2216 into the liposome’s cationic core and bind the SIRNA
to the surface with fluorinated polyethyleneimine (F-PEI) added on top as a protective shell.
Altogether, the delivery system showed enhanced solubility of the PROTAC, promoted the
cellular uptake and endocytosis of both payloads, and improved target degradation when
compared to each therapeutic modality alone. The co-delivery system showed improved anti-
cancer effects in mice while maintaining good safety profile (Zhang et al., 2025b). This study
proved that the degradative efficiency of a PROTAC can be enhanced via liposomal
formulations that address its solubility and permeability challenges.

Two other studies utilised lipid-based nanoscale delivery systems to deliver PROTACs to their
target sites more effectively by overcoming the delivery issues that hinder their clinical efficacy.
The research group of Wang et al. (2024) targeted KRAS protein target, which was previously
thought undruggable, via a surface modified liposomal vehicle. The delivery challenge that the
researchers were facing was related to the permeability and targeting of the PROTAC
molecule, LC-2. Thus, engineering a liposomal formulation with cell-penetrating peptide R8
and PEG conjugated on the surface not only enhanced the cellular uptake of LC-2 but also
showed improved anti-cancer effects in KRAS-mutant models of lung cancer (Wang et al.,
2024). This anti-cancer effect was only achieved because the liposomal formulation was able
to enhance the bioavailability of the PROTAC compared to its raw form.

While Wang et al. (2024) discussed the potential of liposomal formulations in the PROTAC
field, Xu et al. (2024) expanded on the concept of lipid-based nanoscale carriers by
additionally sensitising the tumour cells to radiation to eradicate BRD4 target. In their work,
Xu and researchers (2024) conjugated the PROTAC, MZ1, to PEG to form self-assembled,
stimuli-responsive nanomicelles. The nanomicelles did not release the payload in the
circulation unless X-ray radiation was applied, providing a control over the PROTAC delivery
and off-target effects. Both formulations, whether liposomal or radio-responsive micelles, are
nanoscale strategies that could potentially improve PROTAC delivery. Another group of
scientists attempted to improve the water solubility of an Epidermal Growth Factor Receptor-
targeting PROTAC and enhance its targeting efficiency via conjugating the PROTAC with
folate and PEG that then self-assembled into micelles and tested in mice (Ma et al., 2024).

PEGylation was introduced to the delivery system to improve the PROTAC’s water solubility
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by acting as the hydrophilic component. Similarly, Saraswat et al. (2022) explored the selective
targeting capability of ARV-825 through surface modification of nanoliposomes with galactose
to specifically target asialoglycoprotein receptors on hepatocellular carcinoma. Because of
this galactose moiety, the formulation was able to accumulate in hepatocellular tissues,
assisting the PROTAC to achieve more efficient degradation of BRD4 compared to the free
form of the PROTAC (Saraswat et al., 2022).

c. Prodrugs

Prodrugs are inactive forms of medicinal compounds intended to improve the shortcomings
associated with active ingredients such as poor physiochemical properties and off-target
effects. Because of their selective activation, prodrugs have found their way in enhancing the
delivery of PROTACs, whose cellular uptake and distribution is hindered. Recently,
researchers showed an interest in innovative prodrug approaches, utilising both endogenous
and exogenous stimuli, to effectively and selectively deliver PROTACs and ensure on-demand
activation in target cells.

Gao et al. (2024) attempted to advance the pharmacokinetics of a PROTAC molecule, ARV-
771, particularly its stability in the circulation and susceptibility to degradation. By merging the
concept of nanotechnology and dual-activated prodrugs to generate a sophisticated delivery
system, the group also aimed at enhancing the specificity of the proposed technology,
ensuring accumulation within the tumour microenvironment, rather than in healthy tissues, and
efficient cellular uptake.

The researchers shielded ARV-771 within the nanoparticles that were decorated with PEG
corona. Altogether, this shielding effect protected the PROTAC from the immune system and
delivered it to the tumour site. To allow for tumour penetration, the cleavage of PEG shielding
was triggered by the action of matrix metalloproteinase-2 enzyme, and the disassembly of the
nanoparticle was initiated intratumorally by the acidic environment. Upon entry to the tumour
cell, the dormant PROTAC was activated depending on the tumour region it resided in. If the
region was normoxic, reactive oxygen species that were highly abundant in cells subjected to
photodynamic therapy activated the PROTAC. In hypoxic regions of the tumour such as those
regions where stem cells were located, nitroreductase present within the oxygen-deprived
regions activated the PROTAC molecule (Gao et al., 2024).

Collectively, these techniques, namely the use of nanotechnology, PEG shielding, and double-
stimuli activation, provided the PROTAC with protection against degradation, recognition, and
clearance in circulation, promote preferential delivery of the PROTAC to and into the tumour
regions, and ensured no activation is initiated prior to reaching the tumour site. The
technology, therefore, claimed to offer enhanced pharmacokinetics and specificity of

PROTACSs to cancerous regions with minimal off-target effects.
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Some other articles discussed PROTAC prodrugs but mainly focused on either endogenous
stimuli, such as enzymes and oxygen status within the cell, or exogenous stimuli, such as
ultrasound and phototherapy, to activate PROTAC prodrugs (Huang et al., 2023). The former
type may present with diminished selectivity while the latter may require heavy and advanced
external equipment to run the process. From this argument, Huang et al. (2023) decided to
use a simple exogenous stimulus of bioorthogonal bond cleaved by tetrazine to activate a
PROTAC in the prodrug form. They engineered a prodrug of MZ1 to limit off-target BRD4
degradation during circulation and in healthy cells. The inactive prodrug (MZ1-O) was created
by caging the PROTAC with 4-(vinyloxy) benzyl carbonate moiety, which was then altogether
encapsulated into PLGA nanoparticles conjugated with peptide for additional cell targeting.
The nanoparticles provided protection for the PROTAC and ensured its delivery and entry into
target cancerous cells. Meanwhile, the caged PROTAC molecule can be only activated via a
bioorthogonal reaction mediated by the presence of 3,6-dimethyl-1,2,4,5-tetrazine. This
exogenous activator was introduced into the cells via dissolvable microneedles that were
administered locally to ensure that bond cleavage occurs at the desired tumour site specifically
(Huang et al., 2023).

It can be inferred from the study that off-target toxicity of PROTACs can be minimised by using
the prodrug approach, particularly if using an external activator to trigger a cleavage reaction
that does exist genuinely in the body and does not interfere with biological processes. This
maximises specificity and offers a degree of control, ultimately reducing off-target effects of
PROTACS.

d. Amorphous Solid Dispersions (ASDs)

Despite the promising application of lipid-based nanocarriers in the field of PROTAC delivery,
namely in enhancing the targeting efficiency and bioavailability, the stability of such carriers
remains a concern for oral delivery (He et al., 2018). Thus, ASDs emerge as an alternative
approach offering benefits in improving oral delivery, specifically with regards to enhancing
solubility and dissolution rate.

To date, only four attempts were published to incorporate PROTAC molecules into ASDs,
focusing on solubility enhancement (Hofmann et al., 2024; Mareczek et al., 2024; Poéstges et
al., 2023; Zhang et al., 2025a).

First is the work done by Pdstges et al. (2023), who formulated liquisolid formulations of a
poorly soluble PROTAC, ARCC-4, in comparison to ASDs through vacuum compression
molding using two polymers: Hydroxypropyl methylcellulose acetate succinate (HPMCAS) or
Eudragit. Dissolution profiles of raw PROTAC and all liquisolid formulations showed less than
1 pg/mL of drug released over the predetermined period. This indicated that pure drug

exhibited poor solubility, and liquisolid technology failed to enhance the solubility of PROTACs.
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In contrast, ASDs were promising in enhancing the solubility of the PROTAC regardless of the
polymer used. The dissolution of ARCC-4 jumped from less than 0.4 pg/mL with the raw form
to 31.8 + 0.6 pg/mL with 10% HPMCAS ASD and 35.8 + 0.4 ug/mL with 10% Eudragit ASD.
This finding demonstrated the potential of ASDs in improving the dissolution of PROTACS.
To expand on this work, Hofmann et al. (2024) also explored ASDs to tackle the poor solubility
and slow dissolution of PROTACSs, however, using another widely known approach which is
spray drying via conventional nozzle and a different PROTAC category that recruits CRBN
instead of VHL. The spray-dried ASDs demonstrated a substantial increase in
supersaturation—exceeding a 70-fold rise compared to the pure PROTAC. This solubility
enhancement was attributed to the homogenous distribution of the PROTAC within the
polymeric matrix and increased wettability achieved with one of the polymers used. Altogether,
this resulted in enhanced stabilisation of the supersaturated state without any precipitation
noticed (Hofmann et al., 2024).

Delving deeper into the use of ASDs in PROTAC delivery, Mareczek and co-workers (2024)
investigated the poor solubility of two PROTACs (ARV-110 and SelDeg51). They embedded
the crystalline PROTAC, ARV-110, and the amorphous PROTAC, SelDeg51, into ASDs via
spray drying using three-fluid nozzle. Results showed that the pure forms of the PROTACs
were undetectable when performing dissolution studies as their solubilities were too low.
Regardless of the original solid state of the PROTAC, a significant enhancement in dissolution
and maintenance of supersaturation were reported with the ASDs compared to the crude
forms (Mareczek et al., 2024).

Recently, drug amorphisation techniques have evolved to include advanced and more refined
forms of ASDs, such as mesoporous particles that emerge as an alternative strategy. Both
formulation strategies transform crystalline drugs into amorphous forms, in an attempt to
enhance solubility and dissolution performance (Zhang et al., 2022a). However, they differ in
the way by which the active pharmaceutical ingredient (API) is loaded and its amorphous form
is stabilised. Figure 1.3 is a schematic diagram of how ASDs and mesoporous particles share
the drug amorphisation phenomenon but differ in the mechanism of drug loading and
stabilising. It is noteworthy to mention that while ASDs have been explored, no attempts were
made to date to utilise mesoporous particles for addressing the solubility of PROTACs.

In conclusion, ASDs act as a promising strategy to address the poor solubility of different
PROTACs and improve their dissolution profile, which should ultimately enhance their oral
bioavailability. The scientific work discussed above proves the versatility of ASDs in
accommodating different PROTAC categories, from VHL-based to CRBN-based molecules,
using multiple polymeric matrices, such as polyvinyl alcohol and Soluplus, and various
preparation techniques that include spray drying. However, as with lipid-based systems,

stability remains an issue with the tendency of recrystallisation becoming high upon storage.
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Also, in vivo studies are indeed needed to validate whether the current solubility enhancement
translate into pronounced oral bioavailability. Hence, mesoporous particles present as an

advanced form of ASDs, achieving the same function but with enhanced stability.
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Figure 1.3. lllustration of two drug amorphisation techniques A) amorphous solid dispersion and B)
mesoporous particle with pore confinement of drug (adapted from Kim et al., 2021)
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1.2. Engineering Advanced Mesoporous Particles via Spray Drying

A paradigm shift in the focus of pharmaceutical industry towards novel platforms that enhance
the efficacy and safety of challenging drug molecules was noted in the past decade. In fact,
by 2028, the value of advanced drug delivery market is expected to rise by 36.7%, at a
compound annual growth rate of 6.4% (BCC Publishing, 2024). As inferred from the previous
section, conventional delivery strategies, ASDs and lipid-based systems, were employed in
PROTAC delivery. However, oral intake remains the preferred route of administration which
is difficult to achieve with lipid-based technologies while physical stability and drug
recrystallisation remain a concern with ASDs despite the promising solubility enhancement.
Creating advanced forms of technologies with established efficacy can help ensure oral
delivery to the colon, for example, while overcoming the instability. Refined carriers, namely
those based on porous materials, have recently captured the attention of this market for a
number of reasons. With advantages like large surface areas with high porosity, easily
tuneable pores, and modifiable surface functionalities and chemistries (Zhou et al., 2017),
porous materials have found a wide range of applications within the pharmaceutical
manufacturing of drug systems (Thananukul et al., 2021). They might, in fact, be superior to
conventional strategies like ASDs, particularly in delivering PROTACs to specific areas that
enhance the permeation, such as the colon. Several techniques are presented in literature to
engineer these delivery systems whether they are ASDs or mesoporous particles, with spray

drying dominating as an effective strategy.

1.2.1. Brief Overview of Spray Drying

Spray drying is widely used as a method for the production of porous particles via evaporation
of solvents (Thananukul et al., 2021). It works by breaking a liquid feed in the form of a solution
or suspension into a fine spray of droplets that eventually dry into solid particles (Wang et al.,
2021). The process is composed of four stages: Feed preparation, atomisation of liquid, drying
of droplets, and powder collection.

In the first stage, the constituents of the feed such as the type of solvent and polymer used
should be determined with care as the properties of the final product are affected by the feed
composition. Once the composition of the feed is studied and determined, the atomisation
phase begins, whereby the liquid is subjected to an atomiser that disperses it into droplets.
Different atomisers have been reported, and a focus on each will be detailed shortly. This
stage is crucial because the breakdown into finer droplets increases the surface area and
allows for efficient drying. It is, however, important to note that the final particle size and
morphology are also influenced by the droplet size generated at this stage.

Next, the droplets are exposed to a stream of drying medium. The drying dynamics, governed

by Péclet number, determine the morphology of the particles as well. The final step involves
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the collection of the dried powder particles. The product recovery and yield need to be
optimised through controlling moisture content and dynamics of the system (Al-Khattawi et al.,
2018). Compared to other methods, spray drying is a technique offering several processing
advantages. It allows for careful control of final particle properties such as size, shape, and
porosity. Moreover, spray drying is a scalable process, operating at a fast pace and low cost
of materials and accommodating multiple forms of feed samples. From an industrial

perspective, these are considered valuable advantages (Wang et al., 2021).

1.2.2. Atomisation and Different Types of Atomisers

Atomisation is a core component of the spray drying process and is subdivided into several
stages (Zafar et al., 2024). It includes the ejection of the liquid stream in the form of droplets
that breakup over two phases. At first, the liquid feed experiences a shear force as it flows
through the nozzle and the orifice. It then interacts with the surrounding environment, whereby
deformations are induced interrupting the integrity of the liquid. However, droplets are not
ejected until the induced deformations in the liquid are able to overcome the forces that exist
in form of surface tension and viscous stress. It is not until these deformations exceed the
capillary stresses and forces that large droplets are ejected. This is referred to as primary
atomisation whereas secondary atomisation occurs once large droplets further disintegrate
into smaller forms as a result of progressive destabilisation. Finally, the process reaches
equilibrium, and droplets dry into solid particles after reaching a stable configuration with
solvent evaporation (Zafar et al., 2024).

From an economic perspective, the choice of the nozzle and its operating mechanism affects
the particulate production process and the attributes of the final product, specifically the droplet
size and particle size distribution (Turan et al., 2016). Therefore, several types of atomisers
that vary in their atomising principle and the energy used were reported in literature and
include rotary, pressure, pneumatic, and vibrational nozzles as shown in Figure 1.4 (Naidu et
al., 2022).

With rotary atomisers, the liquid feed encounters a rotating surface in the form of a disk or
plate and travels down the edges of the nozzle. These surfaces rotate at a high velocity,
generating centrifugal forces that disrupt the liquid feed. Once the centrifugal force overcomes
the stabilising forces, droplets emerge either directly from the spinning rim or by breaking up
from liquid sheets or indirectly from unstable ligaments that are found beyond the rim (Poozesh
& Bilgili, 2019). Thus, the driving force for atomisation with rotary nozzles is centrifugal force.
On the other hand, pressure nozzles operate by forcing a liquid feed that travels down the
nozzle to the orifice under very high pressure. A cone-shaped spray of atomised droplets
results when the applied pressure energy is transformed into kinetic energy to break up the

liquid into fine droplets. Although pressure nozzles operate with low cost and simple design,
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they are often employed to generate relatively large particles with narrow size distribution;
however, varying the droplet size at a constant feed flow rate is challenging and can be
achieved by changing the nozzle’s dimensions or type. The nozzle also struggles with spraying
viscous feed solutions as these might cause blockages. In some cases, modified pressure
nozzles are used, whereby a swirl is added to create turbulence and achieve better control
over the imparted energy and droplet size (Poozesh & Bilgili, 2019; Weng et al., 2024).

Within the drug development sector, pneumatic nozzles, referred to as two-fluid or three-fluid
nozzles, are very commonly used with both featuring one gas channel but vary in their liquid
channels. The three-fluid nozzle incorporates an extra liquid feed passage that enables two
separate solutions to atomise together (Weng et al., 2024). The operational mechanism of
these nozzles involves using a compressed gas stream traveling at a very a high velocity, that
shatters the slow-flowing liquid feed into fine droplets, as the two get in contact with each other
(Poozesh & Bilgili, 2019). Unlike other conventional nozzles (rotary or pressure), it is the
atomising gas that travels at high speed rather than the liquid being ejected at high velocity
(Poozesh & Bilgili, 2019). Therefore, the droplet size with the two-fluid nozzle is a function of
the ratio of the flowing gas to the liquid passing through (Poeiras, 2018). The two-fluid nozzle
can, thus, be used in a setting where small, fine particle size is required. Another advantage
of the conventional two-fluid nozzle is its ability to handle viscous feeds. However, to
disintegrate a viscous liquid, the nozzle must consume large amounts of atomisation energy
which is considered a drawback. Hence, pneumatic nozzles are known for high energy

consumption and economic cost (Camacho-Lie et al., 2023).
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Figure 1.4. A schematic diagram of atomisers used in spray drying. a) Pressure nozzle b) Pressure-
swirl nozzle c¢) Rotary nozzle d) Ultrasonic nozzle e) Two-fluid nozzle with external mixing f) Two-fluid
nozzle with internal mixing (adapted from Shepard, 2011)
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Despite the success achieved by each of the conventional nozzles in the pharmaceutical
industry and drug delivery field, they still suffer from limitations. The energy generated by these
nozzles whether in the form of pressure, centrifugal, or kinetic energy majorly transforms into
kinetic energy imparted to the drying particles, causing droplets to eject with very high speed
(Rodriguez et al., 1999; Turan et al., 2015). This can cause defects in the final product.
Moreover, conventional nozzles lack precise control over droplet size and, hence, result in a
somewhat wide particle size distribution and are susceptible for clogging and orifice blockage
(Turan et al., 2015). Also, traditional nozzles consume a large amount of energy (Naidu et al.,
2022; Turan et al., 2016). Although spray drying is a cost-effective process, the selection of
the nozzle is crucial to avoid further energy consumption and increased costs. An alternative
type that addresses these challenges is the ultrasonic nozzle by adopting a different

mechanism to disintegrate liquids into droplets.

1.2.3. Ultrasonic Nozzle and the Theories Behind Ultrasound-mediated Atomisation
Vibrational energy is the driving force of atomisation with ultrasonic nozzles (Legako &
Dunford, 2010). The nozzle technology is based on the concept of ultrasound, which is
characterised by high frequency sound waves beyond the threshold of human hearing (Legako
& Dunford, 2010). Typically, the operating frequency range of ultrasound waves is above 20
kHz (Naidu et al., 2022). Because of this high frequency, ultrasound waves are known to
propagate with short wavelengths in a narrow and precise direction. However, these
wavelengths are not as short as the atomic bonds within the liquid and, thus, cannot induce
droplet detachment by simply exciting or interacting with the vibrational energy of the atomic
bonds or the internal energy of the liquid molecules (Naidu et al., 2022). Instead, they induce
liquid disturbances through mechanical effects that will be discussed shortly (capillary wave
and cavitation theories).

Within the nozzle, the piezoelectric transducer converts electrical energy into mechanical
energy in the form of ultrasound vibrations. This will be conveyed as a vibrating nozzle tip such
that when a thin layer of liquid feed spreads on the vibrating tip, the vibrations will create
capillary waves that propagate through the liquid. It is, however, when the vibrations disturb
the liquid’s surface that atomisation occur, resulting in detachment of droplets from the surface
of the liquid that then leave the nozzle in the form of an atomised mist (Khaire & Gogate,
2020). Figure 1.5 simplifies the mechanism of droplet detachment.

The phenomenon of ultrasonic vibration is not new and dates back to 1831 when Michael
Faraday first discovered the onset of capillary waves as a function of vibration with a specific
amplitude (Panao, 2022). It was not until 100 years later that a mist or spray was generated
by subjecting a liquid to ultrasonic vibrations (Panao, 2022). In the meantime, scientists, such

as Lord Rayleigh, introduced the relation between the wavelength of the capillary waves and
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frequency (Panéo, 2022). Modern research represented by the work of Lang (1962) expanded
Rayleigh’s theories, set the foundation for the mechanism of droplet generation by ultrasonic
atomisation, and quantitatively correlated median diameter of droplets with frequency and
wavelength of capillary waves.

Since then, three main hypotheses circulate to explain the mechanism behind droplet
formation using ultrasonic atomisation. The first hypothesis is known as capillary wave theory.
When a liquid is exposed to ultrasonic vibrations, these vibrations cause disturbances to the
surface of the liquid in the form of capillary waves (Khaire & Gogate, 2020). Because of the
continuous nature of the applied vibrations, the capillary waves grow in amplitude, causing
greater instability (Priyadarshi et al., 2024). The growing capillary waves then exceed the
surface tension forces of the liquid (Khaire & Gogate, 2020). Consequently, the surface of the
liquid collapses and droplets emerge from crests of the waves, resulting in atomisation (Naidu,
2022).

Cavitation is the second theory proposed to explain the possible mechanism of ultrasonic
atomisation. As the term suggests, ultrasonic waves applied to a liquid can result in bubbles
or cavities within the liquid spreading on the tip because of some form of instability. These
cavities/bubbles undergo a series of expansion and shrinkage until they collapse (Camacho-
Lie et al., 2023). Because of this collapse, shockwaves result and trigger the emergence of
droplets from the liquid surface (Nii, 2016).

Further research into the area led to the development of a joint theory that combines the two
theories. In the conjunction theory, it is hypothesised that droplet disintegration is neither a
sole function of capillary waves growing in amplitude nor due to cavitation. It is indeed a matter
of co-existence of the two theories such that droplet detachment does occur from crests of the
capillary waves; yet, it is intensified by shockwaves that occur in response to the expansion,

compression, and collapse of cavitational bubbles (Nii, 2016).

i T Vibrating o & 0 0
Ultrasonic Atomization Ucasonic bsis -8 & & &
nozzle tip form 0 00
!

s - - s

| I I

Liquid Liquid Liquid

Figure 1.5. Mechanism of ultrasonic atomisation (Slegers et al., 2017)
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1.2.4. Advantages and Disadvantages of Ultrasonic Nozzle

Because of the unique mechanism of action of the ultrasonic nozzle, the technology offers
several advantages within the pharmaceutical and industrial fields. First, and the well-known
hallmark of the technology, is its ability to generate fine droplets with narrow and uniform size
distribution (Khaire & Gogate, 2020). Such a uniform distribution is challenging to reach with
conventional two-fluid nozzle (Nii, 2016). This advantage is mainly due to the repetitive and
consistent oscillations of the waves that are characterised by a defined wavelength over the
entire atomisation process. One reason for this organised phenomenon is the precise control
of the frequency (Rajan & Pandit, 2001). Unlike conventional nozzles, the process of droplet
ejection is not random and is not of chaotic nature (Rajan & Pandit, 2001).

Another key advantage is the low velocity mist that the nozzle generates. According to the
operation manual of Buchi’s ultrasonic nozzle, the velocity of the spray ranges from 18 to 36
cm/s. This speed is considered gentle when compared to the spray of pressure nozzles which
travels at a higher velocity of 10-20 m/s (Ultrasonic Controller Operating Manual, 2014). This
milder shear force and soft spray is attributed to the type of energy delivered to the particles.
Unlike conventional nozzles, which impart kinetic energy through high-velocity gas or pressure
to atomise the liquid feed into droplets, ultrasonic nozzles use mechanical vibrations to
atomise. These vibrations form capillary waves on the surface of the liquid, leading to droplet
formation with significantly lower momentum and turbulence (Khaire & Gogate, 2020). As a
consequence, the lower shear stress of the ultrasonic nozzle and the absence of high-
pressure fluids can be beneficial for spray drying biosensitive compounds and maintaining
their integrity in addition to reducing the energy consumption and costs (Dalmoro et al., 2013;
Khaire & Gogate, 2020; Turan et al., 2016). Besides that, the apparatus size and the
dimensions of the chamber can be reduced due to the soft spray (Dalmoro et al., 2013).
While ultrasonic atomisation offers significant advantages, particularly in particle size
distribution and velocity of the spray, some drawbacks can still arise. Feed liquids with high
viscosities are challenging to spray using ultrasonic atomisation (Gui et al., 2024). Meanwhile,
the risk of clogging with viscous solutions also increases, and the lack of an industrial scale
apparatus of the ultrasonic nozzle limits the applicability of such process beyond laboratory
scale (Khaire & Gogate, 2020).

1.2.5. Ultrasonic Atomisation in Drug Delivery

Conventional nozzles, such as two-fluid atomisers, have been the gold standard of spray
drying in the field of drug delivery. A considerable body of literature covers the employment
of two-fluid nozzle in microencapsulation, drug loading of amorphous solid dispersions, and

mesoporous carrier production. Yet, with all the advantages that ultrasonic nozzles offer, it

S.J. Alshatti, PhD Thesis, Aston University 2025 39



emerges as an alternative, dominating not only the food industry but also slowly being
integrated in the pharmaceutical sector.

Ultrasonic atomisation has been employed in the production of drug delivery systems to carry
both small molecule and large molecule drugs. In one attempt using a model small molecule,
Albertini and colleagues (2005) generated chitosan microparticles loaded with theophylline
using ultrasonic atomisation. The effect of one of the parameters, viscosity, on the atomisation
process was investigated. A viscous solution containing chitosan 3% (w/v) was sprayable,
addressing the all-time challenge of ultrasonic nozzles. From a drug delivery point of view,
ultrasonic atomisation was able to preserve the polymeric material despite minor
depolymerisation reported, which is crucial for an efficient controlled release profile.
Similarly, using the small molecule drug for diabetes, Metformin hydrochloride, M and Gogate
(2024) generated metformin-loaded microspheres of sodium alginate using spray drying. Two
nozzle types, pressure and ultrasonic, were employed in an attempt to improve the particle
size and distribution to enhance the drug’s absorption and dissolution profile. Results revealed
that small particle size (<10 um) was obtained with both nozzles, but the ultrasonic nozzle was
superior in terms of producing a narrower particle size distribution and better encapsulation.
Given this comparison, it seems that ultrasonic atomisation via spray drying was an effective
method when fine-sized particles were desired with tight control over size distribution and
enhanced encapsulation efficiency compared to conventional nozzles.

The work of Berkland and colleagues (2001) represented another effort yet might be one of
the earliest that introduced size control of microspheres via acoustic excitation. This study
redefined the generation of microspheres by emphasising the ability of ultrasonic atomisation
to provide a good control over particle size. The size of a microsphere plays a crucial role in
determining its fate from a pharmacokinetic perspective. Hence, the authors generated
biodegradable microspheres via acoustic excitation, whereby more than 95% of the particles
showed only 1 to 1.5 ym deviation from the mean size, indicating uniformity.

After providing a proof-of-concept on how ultrasonic-assisted atomisation can provide size
control of microspheres, Berkland et al. (2002) succeeded in the year after to translate this
concept into an actual application, suggesting how size uniformity can affect the release profile
of microspheres. Microspheres of different sizes (small and large) were produced via varying
the flow rate and the frequency. Ultrasonic atomisation ensured size uniformity within each
batch though. Smaller spheres showed a different release profile compared to the large
microspheres, while a mixture of the two sizes achieved the desired zero-order profile.
Another take on the same concept of precise control over droplet size was presented by Forde
and Friend (2006). In their study, the researchers aimed to control the particle size to achieve
enhanced cellular uptake. For this purpose, two atomisation systems were employed, varying

in their frequency. It was not the only parameter impacting size that was studied, but the
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influence of power, feed flow rate, and solid concentration was also explored. Their work
highlighted how frequency can affect the particle size. The lower frequency atomiser (40 kHz)
generated microparticles for nasal delivery that were <15 pym. Meanwhile, the second
atomising system with a higher operating frequency of 1.645 MHz resulted in nanoparticles
with a size of 196 nm, allowing for cellular internalisation. This conclusion added value to the
technology when tight control over particle size as a function of frequency was needed (Forde
& Friend, 2006).

Two other studies utilised ultrasonic atomisation to produce microspheres for drug delivery to
treat hepatocellular carcinoma (Kaushik et al., 2019; Yin et al., 2024); however, Yin et al.
(2024) neither provided the methodological rationale and justification behind utilising
ultrasonic atomisation over other methods nor did they explain the processing parameters,
setting, and optimisation. They only revealed the production of sodium alginate-lanthanum
microspheres loaded with doxorubicin for hepatocellular carcinoma via ultrasonic atomisation.
On the contrary, Kaushik et al. (2019) justified briefly the reason behind using ultrasonic
atomisation and reported uniform particle size within the range of 20-55 pm. However, their
work was approached with doubt as it lacked detailed size characterisation techniques (i.e.
size distribution curves and analysis) and statistical analysis that would be ideally and routinely
performed to claim uniformity of size. Nevertheless, their scientific contribution cannot be
overlooked, providing insights into combining ultrasonic atomisation with emulsion method as
well as molecular and mathematical modelling to assess the morphology, drug encapsulation,
release, and efficacy of the drug delivery system in liver cancer management.

On the other hand, proteins are quite challenging to handle as they are easily susceptible to
degradation and destruction. Given that, the employment of ultrasonic nozzles seems quite
interesting in this setting. This potential was explored, for example, by the work of Yeo & Park
(2004) and Bittner & Kissel (2008). The former produced microcapsules containing a bio-
sensitive protein molecule, lysozyme, using a coaxial ultrasonic atomiser. The atomiser
allowed a separate flow of the polymer-containing solution and drug-containing solution. When
the two met at the tip of the nozzle, ultrasonic vibrations generated droplets of each solution
at pre-defined sizes. The droplets then collided to form and arranged into a specific
overlapping order based on size, flow rate, and surface tension. The involvement of the
ultrasonic atomisation was advantageous to the encapsulation of the protein molecule,
offering an overall gentler process to preserve the protein’s structure and activity compared to
other methods of preparation like emulsification (Yeo & Park, 2004).

The latter research group (Bittner and Kissel, 2008) successfully highlighted the potential of
ultrasonic atomisers in generating bovine serum albumin, or BSA, loaded microspheres of
PLGA. Because ultrasonic atomisation is known to be of a gentle nature, the integrity of both

the drug and the PLGA polymer was restored and was not affected by the process. Tuning
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the drug delivery outcomes of the microspheres in terms of loading, release, and morphology
was made possible by ultrasonic atomiser by simply adjusting the processing parameters.
When compared to microspheres prepared by rotary atomisation, those generated with
ultrasonic exhibited a similar glass transition, indicating a similarity between the two.
Expanding on the findings of earlier research groups, the research conducted by Ho et al.
(2008) advanced the concept of ultrasonic atomisation in drug delivery to new levels. The
article highlighted the versatility of ultrasonic atomisation with regards to its applicability from
simple large molecule delivery to more sophisticated DNA-based delivery systems.

Ho and co-workers (2008) prepared PLGA microspheres loaded with plasmid DNA under
ultrasonic atomiser operating at a frequency of 40 kHz and equipped with a probe. The authors
highlighted how careful manipulation of process parameters during ultrasonic atomisation can
affect the microsphere properties. For example, several feed flow rates were studied to
understand their effect on particle size distribution, which is important for the delivery of the
microspheres. Higher flow rates (increased from 18 mL/hr to 90 mL/hr) resulted, unfavourably,
in larger microspheres with wider size distribution (Ho et al., 2008). Altogether, the work of the
previous groups demonstrated the applicability of ultrasonic atomisation in encapsulating large
molecules.

Interestingly, the application of ultrasonic atomisation in drug delivery is not limited to single
units but extends to include hybrid or multi-layered systems. Such ability to produce complex
delivery systems was demonstrated by the work of Joshi et al. (2023). The authors generated
nanoparticles in microspheres by the means of ultrasonic atomisation, allowing for a desirable
and consistent control over particle size. The nanoparticles contained anti-cancer drugs, which
were piperine and doxorubicin, loaded in PLGA and chitosan nanoparticles, respectively. The
nanoparticles were then embedded in alginate-based microspheres. Both phases were
conducted by ultrasonic atomisation technology.

Wen et al. (2011) similarly explored the concept of nanoparticles within microparticles, though
they developed it in the context of nanocomposite microparticles for injectable cell scaffolds.
Nanoparticles made of poly(L-lactide/DL-lactide) and PLGA were prepared and loaded with
thrombin receptor activator peptide. Ultrasonic atomisation comes into place by facilitating the
encapsulation of the nanoparticles within mPEG-PLGA microparticles. This article further
highlighted the applicability of ultrasonic atomisation in complex composite assembly while
preserving the integrity of the system (Wen et al., 2011).

It can be inferred from the discussion above that ultrasonic atomisation/nozzle was mainly
viewed as a production tool to generate fine particles with uniform size distribution. Unlike this
typical application in drug delivery, D’Addio et al. (2012) presented a different utilisation of the
technique. The group conceptualised ultrasonic atomisation as a tool to investigate the effect

of density on aerodynamic performance of nanoparticles generated by freeze-spray drying for
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inhalational delivery. Such an indirect effect arises from the fact that the aerodynamic
behaviour is determined by the aerodynamic diameter. The latter is a function of the actual
geometric diameter (particle size) and density. To isolate the influence of density (i.e. solute
concentration), the geometric size must be constant, which can be easily achieved via uniform
droplet formation with ultrasonic atomisation. Hence, ultrasonic assisted spray-freeze drying
was used in this context to produce a consistent geometric diameter while varying the density,
which can dictate the aerodynamic behaviour of the nanoparticles and their deposition deep
in the lungs (D’Addio et al., 2012).

Ultrasonic nozzle has been explored in different settings of spray drying, showcasing
unprecedented adaptability. It circulates in application from nano-scale to micro-scale and
from conventional spray drying to spray-freeze drying, extending well beyond the
encapsulation of proteins to involve engineering of particles and drug delivery systems. This
adaptability was well demonstrated by the work presented by Hwang et al. (2023) and Burke
et al. (2004).

Hwang and colleagues (2023) proceeded with drying cellulosic nanocrystal into nano-scale
particles using ultrasonic nozzle equipped within a nano spray dryer. The authors provided a
valuable understanding of how several parameters, namely orifice size, solid concentration,
and gas flow rate, can affect particle size and production rate. They also highlighted the fine
size in nanometres (300 nm to 5 ym) that an ultrasonic nozzle operating at a frequency of 80-
140 kHz can generate if employed within the nano spray dryer.

While still within the context of spray drying using ultrasonic nozzle, Burke and co-workers
(2004) provided a comparative analysis between spray drying and spray-freeze drying, both
utilising ultrasonic nozzles. Because the methodology between the two varies, operating
frequency, power input, and feed flow rate were different for each setting. This created a
difference in particle size between the two techniques, with spray drying generating larger
particles than spray-freeze drying. Despite that, both systems successfully encapsulated the
protein, darbepoetin alfa powder, in PLGA microspheres and achieved a relative control of
particle size. It was obvious that the two systems would, nonetheless, produce different
particle sizes yet maintain some degree of uniformity within each batch, thanks to the
ultrasonic nozzle. This work revealed that ultrasonic atomisation can be a viable technique to

encapsulate proteins whilst maintaining their stability.

1.2.6. Implications for Engineering Advanced Carriers via Ultrasonic Atomisation

It can be drawn from the above discussion that the use of ultrasonic atomisation in drug
delivery has taken advantage of its ability to provide precise control over droplet and particle
size. Thus, particles can be tailored to meet the clinical demands of generating innovative

systems that can address the challenges associated with cutting-edge therapeutic agents,
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such as PROTACSs. The applicability of such systems in the clinical sector needs exploration,
with the colon being an ideal site to target molecules with high susceptibility to degradation

and efflux.
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1.3. Insights into the Potential of Delivery Systems to Achieve Colon Targeting

The clinical application of innovative delivery systems can be investigated via the colonic
route. This attempts to bridge the gap between scientific theories behind PROTACs and the
delivery of such complex molecules to sites which may help in maximising the therapeutic
outcome. Colon-specific targeting is not a new concept but has rather emerged by the end of
the 20™ century as a drug delivery strategy. Recently, it has regained interest as a promising
site, especially with the breakthrough of biologics and targeted therapy. This interest was
mainly driven by colonic diseases becoming a global concern with many newly diagnosed
cases. Statistics show that colorectal cancer accounts for 9.6% of total cases globally, with
1.9 million new cases in 2022 (Ferlay et al., 2024). This ranks it as the third most commonly
diagnosed cancer. Meanwhile, it is ranked second in terms of cancer-related mortalities
(Marcellinaro et al., 2023). This indeed reflects a need for effective management and adequate
drug delivery, particularly a massive necessity for developing new technologies with a
capability of targeting the large intestine whilst minimising undesirable release in the upper
gastrointestinal tract (GIT).

Colon-targeted delivery offers various therapeutic advantages that are not only confined to
enhancing the treatment of local colonic ailments such as Crohn’s disease and ulcerative
colitis but also broadened to include delivering proteins and peptides for systemic therapy
(Philip & Philip, 2010). In fact, the colon attracted additional attention as a potential site for
achieving delayed onset of drugs that treat diseases associated with circadian rhythm
(Vemula, 2015).

Ideally, a colon-targeted delivery system should deliver the drug load to the proximal colon
while retarding release in upper GIT (Basit, 2005). Because the colon offers a less hostile
environment with fewer digestive enzymes compared to the upper GIT and better engagement
with absorption enhancers, selective colonic delivery protects proteins, peptides, and drugs
from degradation, resulting in fewer systemic side effects, lower dose, and increased
bioavailability (Basit, 2005; Nguyen et al., 2019).

A number of physiological features led to an increased interest in exploiting the colon as a
delivery site. These include the almost-neutral pH, abundancy of microflora, and long
residence time (Basit, 2005). Thus, the physiological properties of the colon were considered
during the development of colonic delivery systems, and consequently, several strategies
were proposed. Most of the proposed early technologies depended on pH difference across
the GIT, variability in gastrointestinal transit time, and enzyme-secreting colonic bacteria
(Amidon et al., 2015). In fact, numerous research papers discussed approaches to selectively
deliver drugs to the colon. These approaches had their own limitations that include
dependency on the individual’s physiological factors. These factors are affected by inter- and

intra-subject variability. Hence, the required selectivity was not achieved, and premature
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release was a concern. The development of novel colonic delivery systems with increased
specificity and suppressed premature drug release was therefore deemed necessary.

Despite the ongoing research activity, only few technologies were marketed, most of which
were conventional dosage forms utilising traditional colonic delivery approaches or
combinations of these. Given that multiparticulates travelled down the GIT and distributed
more uniformly with decreased likelihood of dose dumping and incomplete drug release (Basit,
2005), it was evident that the focus of colonic delivery at that time tended to revolve around
multiparticulates with combination strategies, the field of nanoparticles, or some novel

targeting mechanisms (Amidon et al., 2015; Guo et al., 2018).

1.3.1. Colon-targeted Drug Delivery Approaches

Colon-targeted systems can be categorised roughly into conventional strategies which include
pH-dependent systems, time-controlled approaches, and microbially-triggered strategies as
well as novel approaches that typically explore other features of the colon or combine several

strategies together. These will be discussed in detail in the next few sections.
1.3.1.1. Conventional Strategies

A. pH-dependent Systems

Dosage forms designed with a pH-sensitive coating or material were extensively explored and
are still dominant with some modifications (Garcia-Couce et al., 2019). Such dosage forms
are based on the varying pH across the GIT, starting with a highly acidic pH of 1-2 in the
stomach and increasing gradually to 6.5 and 7.5 in the duodenum and distal small intestine,
respectively (Philip and Philip, 2010). However, the large bowel is characterised by a near
neutral pH that fluctuates among the different segments of the colon (Amidon et al., 2015).
The pH drops from 7.5 at the ileum and the proximal colon to as low as 5.7 in some diseased
individuals but rises again to 6.6 in transverse colon and, finally, to 7 in the descending colon
(Philip and Philip, 2010).

This difference in pH is exploited for site-specific delivery through coating systems with pH-
sensitive polymers. These polymers remain intact in acidic areas but begin to slowly release
the drug upon reaching the triggering pH in the colon (Philip and Philip, 2010). Yet, premature
drug release was noted with some formulations, indicating the loss of specificity. This was
attributed to the effect of food and diseases on pH (Vass et al., 2019). For example, reduced
colonic pH is observed in patients with ulcerative colitis, contributing to the failure of the system
to release the drug (Vass et al., 2019).

The most common pH-sensitive polymers used are polymethacrylates, commonly known as
Eudragit. These polymers come in various grades with different solubilities, such as Eudragit

S100 and Eudragit L100 (Nguyen et al., 2019). A commercial example is Claversal®, where
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tablets containing mesalamine intended to treat patients with irritable bowel disease (IBD)
were coated with Eudragit L-100. In one study, the colonic release of Claversal® was
investigated, whereby 70% of the tablets released the drug three hours after administration.
The formulation could be further improved by incorporating another polymeric coating that
dissolves at a pH >7 or by increasing the thickness of the single coat to delay the disintegration
further (Prasanth et al., 2012).

Other single pH-responsive coatings were reported in literature. For example, Naeem and
colleagues (2015) investigated the ability of polymeric nanoparticles made with Eudragit
FS30D for colon targeting. Results showed that the polymer protected the drug load in acidic
environment, but almost the entire dose was released at the ileum (Naeem et al., 2015).
Similar findings were reached in two other studies, where formulations coated with Eudragit
ES for colonic targeting showed immediate release of metronidazole in the small intestine
(Shah et al., 2016) while almost the full dose of indomethacin was released within six hours of
administration from nanoparticles coated with Eudragit S100 (Yiming & Allan, 2014).

Based on analysing the aforementioned studies, it could be concluded that a single pH-
sensitive coating may not efficiently deliver the drug load to the colon. This could be ascribed
to the close similarity in pH values between the small intestine and colon (Cai et al., 2020).
Various solutions have been proposed to overcome the early drug release in upper GIT from
single triggered systems. Generally, the contributions presented in literature revolved around
integrating several colon targeting approaches (Vemula, 2015). As discussed by Naeem et al.
(2015), nanoparticles prepared using a combination of pH and time dependent polymers were
superior to single triggered systems, with higher colonic specificity, more efficacious control of
colitis, and enhanced localisation of drug in the inflamed colon. A sustained release of the
drug was noted, with more than 80% of the drug being released over a period of 24 hours
(Naeem et al., 2015).

In a similar manner, the study conducted by Jin et al. (2016) combined pH and enzyme-based
techniques in a single formulation. Chitosan-based microparticles were coated with
EudragitS100, showing 71% of drug release when exposed to caecal contents in the colon
while maintaining drug release to less than 4% in upper GIT (Jin et al., 2016). Combination
techniques also included integrating different types of pH-responsive systems in a multilayer
fashion; however, these coatings accounted for a high percentage of the tablet weight and
were time consuming (Nguyen et al., 2019). Instead, a paper by Nguyen and colleagues
(2019) represented another contribution by designing a single-layer pH-sensitive coating of
two polymers. In this paper, an attempt was made to formulate a one-layer coat from Zein and
Kollicoat®, where the latter dissolved at a pH above 5.5. Together in a ratio of 4:6, Zein and
Kollicoat® coating released 70% of the load within 45 minutes of colonic arrival with as low as

10% being released in the upper GIT (Nguyen et al., 2019). The ratio of each component to
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the other and the coating thickness were crucial for the success of the formulation (Nguyen et
al., 2019). It is important to point out that the applicability of such a coating requires further in

vivo investigations.

B. Time-dependent Strategies

A time-controlled system is based on the principle of gastrointestinal transit. While the
residence time in the stomach varies, the transit time across the small intestine is relatively
constant of around three to four hours (Amidon et al., 2015). Guided by this information,
formulations were developed to release drugs in the colon after a predetermined lag time of
about six hours, taking into consideration the overall transit time.

Investigations were performed by Naeem et al. (2015), where the drug release from
nanoparticles was controlled by Eudragit RS100, a time-dependent polymer. Results proved
that, irrespective of the pH, this single time-dependent polymer was not suitable for colonic
delivery as 70% of the drug was released before reaching the colon (Naeem et al., 2015).
Yet, in a different study, another time-dependent polymer, hydroxypropylmethylcelluose or
HPMC, was proven to successfully deliver the loaded tablets to the colon (Vemula &
Veerareddy, 2012). Applied as a coating by compression, HPMC allowed for a lag time of
around four hours, during which a small amount (<7%) of the drug was released (Vemula &
Veerareddy, 2012). Noticeably, the degree of HPMC viscosity affected drug release, where
polymers with low viscosity grades failed to prevent premature release since 80% of the dose
was found in upper GIT (Vemula & Veerareddy, 2012).

The latter finding is in accordance with a study conducted by Vemula (2015). Compared to the
previous study, a more viscous HPMC was used to formulate mini tablets with an additional
pH-sensitive coat compressed on top. Due to the increased viscosity of the time-dependent
polymer and the extra pH-responsive coat, drug release in this study was superior as the
premature release was minimised to less than 4% over a period of five hours (Vemula, 2015).
Both studies agreed that as the viscosity of HPMC increases, the drug release decreases
(Vemula, 2015; Vemula & Veerareddy, 2012).

From the discussion above, it could be concluded that the efficacy and colonic selectivity of
single time-dependent formulations is controversial as they release the drug once the
predetermined time is reached regardless of the site. Additionally, the transit time of a dosage
form, particularly the time at which it reaches the colon, cannot be precisely determined due
to variations in gastric emptying and gastrointestinal transit. They are influenced by formulation
properties such as size and shape, fasted/fed state, and health status (Basit, 2005). It was
noted that patients with IBD or diarrhoea experience a faster colonic transit, affecting drug
release (Philip and Philip, 2010). Moreover, a delayed transit occurs often during night time in

comparison with daytime (Basit, 2005).
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Pulsincap is an experimental technology that adapts this strategy. It is composed of a capsule
with a soluble cap and an insoluble body that harbours the drug and a hydrogel plug. Upon
exposure to the intestinal fluids, the cap dissolves followed by swelling of the plug. The plug
is engineered to swell for a predetermined time before ejection and subsequent drug release.
A study involving 23 patients was conducted to assess the performance of Pulsincap systems
engineered to release at pre-set time of 5 hours. Gamma scintigraphy revealed premature
release in the stomach and small intestine in seven patients whereas successful colonic
release either in the proximal or distal colon was achieved with the rest (Basit, 2005).

Another marketed time-dependent technology is OralogiK™ (BDD, 2020). It is composed of a
barrier layer that is programmed to erode gradually in accordance with a pre-determined lag

time, which can be adjusted to suit colon-targeted purposes.

C. Microbially-triggered Systems

Unlike the stomach and small bowel, the largest microbial community inhabits the colon as it
houses more than 400 species of bacteria (Prasanth et al., 2012). This microbial density is
dominated by anaerobic bacteria (e.g. Bacteroides) that function to produce energy by
secreting enzymes, such as azoreductases and glycosidases, to ferment undigested
polysaccharides. These undigested polysaccharides resist upper GIT degradation but are
susceptible for colonic microbial digestion by being employed in polymers, coatings, or drug
conjugates. Once such a formulation reaches the colon, the polymer is subjected to
degradation by the residing microorganisms (Prasanth et al., 2012). The presence of these
enzymes only in the colon imparts selectivity to drug carriers, exploiting colonic microbes as
release triggers (Amidon et al., 2015).

Prodrugs were studied for colonic delivery, and many were marketed. To achieve site-
specificity, the drug is conjugated with a moiety and is then cleaved only by enzymatic activity
in the colon. However, this approach is highly dependent on chemical modification and the
presence of certain functional groups, hindering its practical utility (Barea, 2012). Moreover,
prodrugs are recognised as new chemical entities and hence require further costly clinical
evaluation compared to the parent compound (Amidon et al., 2015).

Another way to utilise microbial triggers is to entrap or coat drugs using biodegradable
polymers, such as azo-containing polymers. They are degraded by azoreductases, but toxicity
concerns were raised against such synthetic polymers. Thus, natural polysaccharides (e.g.
pectin and dextran) are safer alternatives that can be used to fulfil this function (Philip & Philip,
2010).

Polysaccharide-based systems were developed with several advantages, namely
biodegradability and availability (Amidon et al., 2015). Despite that, they are not ideal carriers

due to their hydrophilic nature and swelling capability, and physical or chemical modification
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is necessary (Wang et al., 2020). To illustrate the need for polysaccharide modification, Zhu
et al. (2019) prepared beads with porous starch, pectin, and chitosan. In vitro release
investigations revealed 67% drug release before reaching the colon from single pectin beads,
indicating the lack of selectivity attributable to swelling of pectin. Meanwhile, addition of porous
starch to pectin-based beads significantly hindered premature release to as low as 17% which
was further decreased to 13% by the addition of chitosan. Although the system was successful
in minimising premature release, testing in simulated colonic fluid with the presence of
enzymes would provide a more precise simulation.

In contrast, Oliveira et al. (2010) demonstrated the need for additional release controllers to
prevent early drug release from pectin/chitosan-based system and aid microbial activation in
colon. Without enteric polymers, the system released almost 60% of the drug load within five
hours (Oliveira et al., 2010). This suggested that future research remains indeed open for

further optimisation of microbially-based systems.

1.3.1.2. Other Approaches

Given the limitations of conventional approaches used in colon-targeted delivery, selective
targeting is still an area for research and innovation to develop optimal colonic formulations
with enhanced therapeutic efficacy, maximum specificity, and minimal side effects. For
example, pressure stimulated delivery systems have been developed, given the higher luminal
pressure within the colon compared to the small intestine as a result of peristaltic activity
(Amidon et al., 2015).

On the other hand, osmotically-driven devices were recently employed for colonic delivery.
Alza corporation invested in OROS®-CT as a technology that utilises osmotic pressure to
deliver agents to the colon. In these systems, drug release is triggered when water diffuses
into the push compartment through the semipermeable membrane, causing it to swell. The
swelling forces the drug to be released through an orifice. To achieve colonic specificity, the
swelling is manipulated to allow drug release after a period of four hours following gastric
emptying (Amidon et al., 2015).

Another feature of the colon being exploited in literature is its thick mucus layer formed by
negatively charged mucins (Duan et al., 2016). Mucoadhesion facilitates the contact between
the delivery system and colonic mucosa and increases the retention time (Lu et al., 2016).
Based on this concept, Jelvehgari et al. (2014) and Bigucci et al. (2010) designed
microspheres composed of polysaccharides. In general, the combination of different
polysaccharides showed increased adhesion to mucosal membranes in simulated intestinal
fluids as compared to gastric media. This could be attributed to the ionisation of carboxyl
moieties of the polymer at higher pH values and gel formation (Bigucci et al., 2010; Jelvehgari

et al., 2014). The latter facilitated the adhesion of the system to the colonic mucosa. The point
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made by these studies regarding mucoadhesion was valuable as it can be combined with any
other colon targeting approach for further enhancement of selective drug release (Bigucci et
al., 2010; Jelvehgari et al., 2014).

Lipid-based formulations have been of interest for colon-targeted delivery, but the role of bile
salts and pancreatin in digesting the lipid bilayer and causing noticeable premature leakage
could not be overlooked. For example, liposomes coated with Eudragit S100 as a single pH-
responsive polymer were not selectively releasing the drug in the colon due to the degradation
of lipid bilayer by the bile acids. Thus, an attempt was made to improve the liposomal
formulation by coating it with chitosan followed by encapsulation in Eudragit-coated
microspheres (Barea, 2012). Dissolution studies showed that liposomes in microspheres
remained intact and resisted degradation in upper GIT with negligible drug release unlike
chitosan-coated liposomes, in which 60% of the drug was prematurely released (Barea, 2012).
Likewise, a liposomal carrier coated with aminoclay and Eudragit S100 protected the system
from acidity with as low as 10% released at pH 1.2 while higher drug release was noted at pH
7.4 (Kim et al., 2020).

Moreover, another distinctive feature of the colon is its low redox potential, indicating that the
large bowel is a reducing environment (Lim et al., 2013; Ng et al, 2020). Given that, stimuli-
responsive polymers were designed to release their drug load at colonic sites after responding
to redox changes. Azo- and disulphide-based polymers are two examples (Lim et al., 2013;
Ng et al., 2020). For example, Ng and co-workers (2020) measured thiol concentrations in
simulated fluids and noticed a ten-fold increase in thiol concentration in the colonic fluid in the
presence of bacteria compared to upper GIT (Ng et al., 2020). This indicated the likelihood of
colon-selective reduction process, leading to a possible application in drug delivery.

Recent advancements in colon-specific delivery involved the use of mesoporous
nanomaterials. They have been widely adopted as carriers for their large surface area and
tuneable pore properties that increase dug loading capacity in addition to their biocompatibility,
stability, and ease of tailoring in terms of size and surface functionalisation (Gonzalez-Alvarez
et al., 2017; Kumar et al., 2017; Tian et al., 2017). Drugs are incorporated within the pores of
mesoporous nanoparticles and are capped or gated by different materials that allow drug
release upon exposure to certain stimuli (Kumar et al., 2017).

Mesoporous silica nanoparticles (MSN) capped with guar gum for colon-specific delivery of 5-
florouracil were investigated by Kumar et al. (2017). Without the presence of enzymes, a
favourable profile of no release was achieved in simulating media whereas drug release was
triggered upon the incubation of the system with colonic enzymes (Kumar et al., 2017).
Although the idea presented by Kumar and colleagues (2017) is quite promising for future
application of MSN in colonic diseases, a closer examination showed that further in vivo

assessment would generate more reliable results.
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The views presented by Gonzalez-Alvarez et al. (2017) were more accurate since in vivo
studies were conducted on a proposed capsule formulation. The group prepared three
safranin O-loaded MSNs that are either capped with a lipid bilayer (F1) or coated with
disulphide-containing polymer (F2) or starch derivative (F3). In line with the previous study,
almost zero drug release was observed with F2 and F3 in the absence of the appropriate
stimulus (Gonzalez-Alvarez et al., 2017). Upon exposure to stimuli, F1 and F2 released 80%
of their drug load immediately within 20 minutes whereas the same amount was released over
a longer period for F3. Compared to free drug, MSN increased the drug levels intracellularly,
with F3 achieving the optimal performance. Further encapsulation of F3 in a pH sensitive
polymer, Eudragit FS 30D, showed a higher distribution to the colon (65%) compared to other
organs, indicating colonic targeting capability (Gonzalez-Alvarez et al., 2017).

A similar approach was adopted by Tian et al. (2017), whereby MSNs were capped with a pH-
sensitive polymer called polyacrylic acid (PAA) for colonic delivery. The authors are to be
acknowledged for using PAA as a gate keeper for the following reason. Contrary to the general
agreement that drug loading capacity depends on surface area and pore volume (Gonzalez-
Alvarez et al., 2017; Kumar et al., 2017), Tian and colleagues (2017) made a new contribution
to the field by adopting the concept of increasing the drug loading capacity through
electrostatic interactions between the MSN and the drug load. Because PAA is negatively
charged, and doxorubicin is positively charged in a neutral medium, the resulting electrostatic
interaction lead to an increase in drug loading (Tian et al., 2017).

Several attempts were made to combine all of the aforementioned techniques to enhance
specificity and overcome the limitations. Accordingly, the collaborative effort of a group of
researchers in London resulted in a new technology that combines pH-dependent and
microbially-stimulated approaches. The technology is named Phloral®, whereby Eudragit S
and resistant starch were integrated into a single coating that surrounds the drug core. This
technology is characterised by a dual trigger mechanism that ensures the precise delivery of
the drug load to the colon irrespective of the feeding status. It adopts the “fail-safe” concept
such that if the pH required to trigger drug release is altered, the enzyme-dependent
mechanism compensates and works to achieve the target. Results from gamma scintigraphy
proved the colonic specificity of this system. Thus, Phloral® shows superiority by surpassing
the limitations of conventional delivery systems (Varum et al., 2020).

Furthermore, a company called Intract Pharma was able to expand the application of Phloral®
technology into a system called Soteria®. This modified version has a permeability enhancer
included within the formulation, where the drug or peptide and the enhancer are present
together in the core while coated on the exterior with Phloral®. The enhancer incorporated
within the core has a unique dual action as it does not only enhance the permeation of the

product into the colonic tissues but also functions to protect the molecule from degradation as
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it travels down the alimentary tract, allowing safe oral delivery of biologics. Phloral® coating
then ensures delivery to the colon through the mechanism described earlier (Intract Pharma,
2020).

One of the early technologies utilising combination strategy is CODES™ (Katsuma et al.,
2002). It is composed of a core containing the drug and lactulose. The latter is degraded by
bacterial enzymes present specifically in the colon. The formulation is double coated with
Eudragit E (acid soluble) and Eudragit L (acid insoluble) as the inner and outer coats,
respectively. After administration, the tablet is protected from acidic environment of the
stomach. However, the enteric coating disappears as the formulation enters the small
intestine. Once in the colon, microflora begin to ferment lactulose into lactic acid. This acidic
product lowers the pH of the colonic medium and facilitates the dissolution of Eudragit E. Drug
release finally follows (Katsuma et al., 2002).

Evonik, a leading pharmaceutical company, announced the development of Eudratec™ COL
that is designed with aim of providing sustained drug release during colonic transit. It is
composed of two separate coatings that function differently. pH-dependent enteric coating
protects the formulation throughout its gastric residence period but allows drug release to start
upon reaching the ileum at a pH of 7. Eudragit FS 30D is incorporated for this purpose.
Meanwhile, the inner coating layer is composed of Eudragit RL/RS and is only able to release
the active pharmaceutical agent in a sustained manner when reaching the colon through
diffusion (Evonik, 2020).
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1.4. Research Aims and Objectives

[redacted from open access thesis]
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The objectives of this research are presented for each chapter as follows:

Chapter 2: [redacted]

Chapter 3:
- To demonstrate MESOPAC’s ability in acting as dissolution enhancing technology for

novel medium-sized molecules like MZ1

- To characterise MZ1 and evaluate its loading efficiency into MESOPAC

Chapter 4:

- To identify different polysaccharides with potential for colonic delivery

- To translate the CAB mesoporous carrier into a colon-specific delivery system using
guar gum as a capping agent and assess its release in different dissolution media

simulating the GIT
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- To explore and optimise different techniques for preparing a colonic technology using

mesoporous particles combined with polysaccharides

- To adjust the parameters and establish a correlation in release profile between small-
volume dissolution vessels and large-volume setup involved in assessment of enzyme-

triggered systems for colon delivery

- Toimplement the optimal formulation design in the delivery of a model PROTAC to the

colon

[Chapter Two (redacted from open access thesis]
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Chapter 3

Loading Novel Mesoporous
Carrier with PROTACs: A Study to
Enhance the Dissolution of MZ1
for the Potential Treatment of
Colorectal Cancer

Publications related to chapter 3

Alshatti, S., Al-Khattawi, A. & Al-Rifaie. (2023). Are we ready to formulate the next
generation of small targeted therapeutics? International Biopharmaceutical industry,
6(2): 24-25.
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3.1. Introduction

Interest in proteolysis-targeting chimeras (PROTACSs) is growing over their potential to
mediate degradation of undruggable oncogenic protein targets through engaging with the
body’s ubiquitin proteasome system. The bromodomain and extra-terminal (BET) family of
proteins are identified as new therapeutic targets in oncology that regulate gene transcription
and consist of the following members: BRD2, BRD3, and BRD4 (Zengerle et al., 2015).
Aberrant expression of BRD4, in particular, mediates the development of cancers that include
acute myeloid leukaemia, neuroblastoma, breast cancer, and colorectal cancer (Cimas et al.,
2020; Otto et al., 2019; Zhang et al., 2022b).

The expression of BRD4 in colorectal cancer is of importance to this study, given that the
technology developed herein is intended later for colon-targeted delivery. Previous studies
have demonstrated an increased expression of BRD4 in cancerous colon cell lines versus
healthy colon cells (Hu et al., 2015). Being a transcriptional regulatory protein, BRD4 controls
the transcription of MYC oncogenes, whose over expression is commonly associated with
colorectal cancer (Otto et al., 2019). Hence, degradation of BRD4 by the PROTAC molecule
MZ1 down regulates this oncogene, affecting cell proliferation and viability of colorectal tumour
cells. This degradation effect was demonstrated by the work of a group of researchers who
investigated the effect of BRD4 inhibitor, JQ1, and BRD4 degrader, MZ1, on the expression
of MYC oncogene mediated by BRD4 in several colorectal cell lines (Otto et al., 2019). In
seven of the tested colorectal cell lines, concentration dependent depletion of BRD4 by MZ1
was observed, and subsequent down regulation of MYC was reported (Otto et al., 2019). In
light of this, research has proved that BRD4 plays a crucial role in the pathogenesis of
colorectal cancer. Therefore, the development of BET-targeting PROTACSs, for example MZ1,
have received increased attention from researchers and, particularly, from our research group
due to the fact that MZ1 can be recognised as a future PROTAC to target to the colon.

MZ1 is considered the first-in-class molecule that utilises the VHL E3 ligase to knockdown
BET proteins (Tang et al., 2023). It links JQ1 inhibitor and E3 ubiquitin ligase VHL and was
chosen as the model VHL-based molecule that targets the degradation of BRD4 (Zengerle et
al., 2015). Similar to other PROTACs, MZ1, with a molecular weight of 1002.640 Da, is
considered a molecule that violates Lipinski’s rule of five (see Figure 3.1) and, subsequently,
resides beyond the rule of five chemical space (Madan et al., 2022). Because of the properties
imposed by this chemical space, MZ1 comes with its own set of formulation challenges. This
includes low solubility and permeability, all of which hinder its effective translation into a
therapeutic molecule in the market. Of importance, MZ1 is considered a poorly soluble

molecule since its calculated log S (mol/L) is -4.42 (Jiménez et al., 2022), and only 19 pg/mL
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of MZ1 is soluble at physiological pH (Opnme, 2025). Therefore, solubility enhancement
technologies can improve the dissolution of MZ1 and increase its oral bioavailability.

It is estimated that 90% of drug molecules compromising the pharmaceutical pipeline are
poorly soluble (Le et al., 2019). This is not only limited to small molecules but also includes
mid-sized molecules such as MZ1. Although formulation technologies to facilitate the delivery
of MZ1 are clearly deemed necessary, their integration into research has been poorly
addressed, with only few attempts being published to date.

Cimas and colleagues (2020) worked to improve the pharmacokinetic profile and site-specific
delivery of MZ1, with a focus on assessing the cytotoxic effect of the molecule on breast cancer
cells. The group reported encapsulating MZ1 in polymeric nanoparticles that were further
conjugated with trastuzumab to treat positive human epidermal growth factor receptor 2 breast
cancer. Compared to neat MZ1, the conjugated nanoparticles containing the PROTAC
revealed stronger cytotoxic effect against MZ1 resistant cell lines. This could be attributed to
improved internalisation and uptake by the cells that resulted in releasing most of drug
molecules at the affected site upon conjugating the drug-loaded nanoparticles with
trastuzumab (Cimas et al., 2020).

With no articles addressing the use of polymeric mesoporous particles to enhance solubility
of molecules, MESOPAC emerges, herein, as a pioneer technology in the field of PROTAC
delivery, particularly oral delivery. To date, this chapter is the first to discuss the oral delivery
and solubility enhancement of MZ1, specifically through the use of mesoporous particles for

this purpose.

POl-figand WHL-ligand
o . Linker
Parameter Lipinski's Rule MZ1 Properties Violations
of Five
Maolecular weight <500 Da 10002.64 Da Yes
Mumber of <5 4 Mo
hydrogen bonds
Mumber of <10 >10 Yaes
hydrogen bond
acceptors
Log P <5 5.23 Yes

Figure 3.1. 2D chemical structure of- MZ1. The table shows how MZ1, as a model PROTAC, violates
Lipinski’s rule of five (Redrawn based on IUPHAR/BPS Guide to PHARMACOLOGY (n.d.))
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The objectives of this chapter were as follows:
» To develop a proof-of-concept of whether the novel porous particles can address the
delivery challenges associated with poorly soluble PROTACs intended for oral

delivery

» To provide a better understanding of the carrier’s practical applications with regards
to loading a variety of therapeutic molecules and acting as a solubility enhancing

technology

» To improve the solubility and oral delivery of a model PROTAC, MZ1, that targets

colorectal cancer cells
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3.2. Materials and Methods

3.2.1. Materials

Mesoporous particles were engineered in-house using spray drying. MZ1 was purchased from
Broad Pharm based in California, United States. Ethanol 99.8% (HPLC grade) and acetonitrile
were bought from Fisher Scientific located in Loughborough, UK. Sodium dodecyl sulfate,
sodium phosphate monobasic monohydrate, and phosphoric acid were all purchased from
Sigma-Aldrich in Dorset, UK. Sodium phosphate dibasic heptahydrate was obtained from
Acros Organics via Fisher Scientific in UK. Ammonium acetate was bought from Fluka
Analytical via VWR (Leicestershire, UK). When needed, purified water was supplied by Elga
Purelab Prima system (High Wycombe, UK).

3.2.2. HPLC Method Development of MZ1

HPLC method development of MZ1 was conducted using WATERS e2695 device
(Massachusetts, USA). The method was based on the procedure reported by Jiménez and
colleagues (2022) with some modifications. The device was run at an injection volume of 40
ML with a flow rate of 1.2 mL/min. The mobile phase consisted of ammonium acetate buffer
and acetonitrile mixed in a ratio of 40:60, respectively. A C18 column with dimensions of 15
cm x 4.6 mm and particle diameter of five ym was used (Restek, UK) with the ultraviolet
detector being set at 261 nm.

The analytical method validation was performed following the ICH guideline, whereby the
following parameters were assessed: Specificity, linearity, range, precision, accuracy, limit of
detection, and limit of quantitation (ICH, 1997).

The specificity of the method was determined by running a known concentration of MZ1 (100
pg/mL) against a blank and comparing the two chromatograms to ensure no interference with
analytical peak.

The linearity of the method was studied by performing serial dilutions of a stock solution
containing MZ1 in mobile phase solution to achieve concentrations of 100, 50, 25, 12.5, 6.25,
3.125, 1.6, and 0.8 pg/mL. The dilutions were conducted in triplicate. Linear regression
analysis was done to obtain a correlation coefficient above 0.999, and the range with which
the samples were linear was determined.

Precision of the HPLC method was evaluated as intra-day repeatability. One concentration of
12.5 pg/mL, with six replicates, was chosen to determine the precision of the analytical
procedure. Mean peak areas, standard deviation, and relative standard deviation were
determined. The relative standard deviation was calculated as (SD/mean) x100.

Similarly, the accuracy of the method was investigated using three replicates of three
concentration levels within the range (25, 50, and 100 ug/mL). The mean percentage recovery

and RSD value of MZ1 were calculated and reported. Lastly, the parameters LOD and LOQ
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were determined. From the calibration curve, the calculations for these parameters were
derived from the slope of the graph as well as the standard deviation of the y-intercepts of
regression line following the equations below (Albadarin et al., 2017):

LOD= 3.3%(0/S)
LOQ= 10*(a/S)
Where ¢ = the standard deviation of the intercept and S = the slope of the calibration curve

3.2.3. Loading MESOPAC with MZ1 by Spray Drying

Spray drying was chosen as the technique to load MZ1 into mesoporous carrier and evaporate
the solvent following the method reported by Le at al. (2019) with some modifications. Initially,
feed suspensions were prepared at two drug loads, 5.5% and 15.6% (w/w). At a drug load of
5.5% (w/w), MZ1 was dissolved in ethanol to create a solution at a concentration of 4 mg/mL.
It was then followed by the addition of the mesoporous carrier. Similarly, for a drug load of
15.6% (w/w), a suspension of MZ1 with ethanol and MESOPAC was created. The resulting
suspensions at both drug loads were subjected to constant stirring for 24 hours to impregnate
the pores with the drug molecules. The samples were then subjected to spray drying using
Buchi B-290 mini spray dryer apparatus fitted with a two-fluid nozzle from Flawil (Switzerland).
The flow rate at which the feed samples were pumped was set at 1 mL/min. Operating in a
closed mode was necessary. The samples were exposed to drying at an inlet temperature of
60°C. The outlet temperature, on the other hand, fluctuated between 45°C and 48°C. The
atomising gas was flowing at 600 L/hr while the aspiration rate was maintained at 35 m3/hr
(equivalent to 90%). MZ1-loaded mesoporous particles were then collected, weighed, and

subjected to analysis.

3.2.4. Loading Efficiency and Drug Load Quantification

The amount of MZ1 embedded within the mesoporous particles was quantified using
WATERS e2695 HPLC apparatus (Massachusetts, USA) following the method described
earlier. Initially, samples containing MZ1 were weighed and followed by the addition of 10 mL
of acetonitrile. They were, then, left on the stirrer for 15 minutes to ensure full dissolution. Full
dissolution was ensured because both the carrier and MZ1 are soluble in acetonitrile, and
visual inspection confirmed the absence of undissolved particles. The resulting solutions were
filtered and placed into HPLC vials for analysis (ThermoFisher Scientific, Langerwehe,
Germany). MZ1 molecules that were successfully entrapped within the pores were quantified
by calculating the amount from the obtained peak area. The analysis was carried out in
triplicate. According to the equations listed below (Goelo et al., 2020; Le at al., 2019), the
loading efficiency and product yield were determined:

Loading efficiency (%) =—acaldrugload _, 44

Theoritical drug load
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. _ Mass of dry powder obtained in spray—dryer
Product yield (%) = _ , , 100
Total mass of raw materials used in the feed solution

3.2.5. Morphology Assessment Using Scanning Electron Microscopy

The morphological characterisation of MZ1-loaded MESOPAC and raw MZ1 was conducted
using SEM. Crude MZ1 was studied at magnifications of 300x and 1000x while micrographs
of MZ1-loaded particles were captured at 1000x, 6000x, and 15000x. The scanning electron
microscope (ZEISS, Germany) functioned at a voltage of 3.00 kV for raw MZ1 and 5.00 kV for
drug-loaded mesoporous particles. Before imaging began, the samples (approximately 1 mg)
were mounted on an adhesive slip and coated with a very thin layer of gold coating.

Micrographs of each specimen were then obtained.

3.2.6. Morphological Assessment Using Raman Spectroscopy

The distribution of the PROTAC molecule within the carrier’s porous network was visualised
by the aid of Raman spectroscopy. Confocal Raman spectra of the empty mesoporous carrier,
raw MZ1, and the drug-loaded MESOPAC at both drug loads were obtained via Renishaw
InVia Qontor confocal Raman microscope coupled to a high-performance spectrometer
(Gloucestershire, UK). The laser beam was excited at a wavelength of 830 nm with a power
of 100%. An objective lens with 50x magnification was used. The resulting spectra were
recorded over a range of 400-3200 cm™ and overlaid to identify the peaks of interest. These
peaks were then integrated using a calibration curve, from which the drug load in each sample
was quantified. A strong correlation (0.994) was achieved between the intensity signals and
MZ1’s drug load. Renishaw WIRE software (version 5.4) was used to conduct the analysis.
To obtain the color-coded images that highlight the distribution of the drug within the carrier
particles, stimulated Raman scattering (SRS) was employed. The imaging was conducted
using Leica SP8 microscope (Milton Keynes, UK) that was fitted with PicoEmerald-S laser
system. The laser system consisted of two laser beams, the Stokes and the tuneable pump
beam. The former was set to operate at a wavelength of 1031 nm. The laser power was kept
at 20-30%. The system was also composed of the objective lens at 40x with a numerical
aperture of 1.1 (Lieca, UK) and an oil condenser lens with a numerical aperture of 0.9 (Lieca,
UK). The signals generated were detected by transmission mode using an ultra-high
frequency lock in amplifier by Zurich Instruments (Zurich, Switzerland), and the images
acquired were analysed via Leica LAS-X software. Mapping of the images was performed to

generate color-coded regions that resemble either the carrier particles or the drug.

3.2.7. Thermal Behaviour Characterisation Using Differential Scanning Calorimetry
The thermal behaviour of MZ1 prior to and after loading into mesoporous particles in
comparison to unloaded carrier was investigated using differential scanning calorimeter TA

Q200 (New Castle, USA). Any endothermic or exothermic events, either before or after
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loading, were identified from the thermograms obtained. The analysis was completed with the
aid of TA universal analysis 2000 software (version 4.5). A tzero low mass aluminium pan (TA
Instruments, UK) was filled with approximately 2 mg of each sample. The samples were then
subjected to heating using the conventional heating cycle alongside a reference pan within a
temperature range of 50 to 250°C. The heating rate was set at 10°C/min while the nitrogen air
was flowing at a rate of 50 mL/min. Heat-cool-heat cycles were conducted as well under the
exact same conditions but within a temperature range of 50 to 200°C to further understand

the thermal behaviour. Each sample was analysed thrice.

3.2.8. Solid State Characterisation Using X-ray Powder Diffraction

Following the method reported by Pdstges et al. (2023), powder X-ray diffraction (XRD)
patterns were obtained via Rigaku 6 Miniflex diffractometer (Tokyo, Japan) using Cu Ka
radiation source. Prior to analysis, powder was placed into a small volume sample holder
having the following dimensions: 5 mm x 0.1 mm (diameter x depth). The samples were then
analysed over an angular range from 5-45° (26) at a scanning step size of 0.017°. Meanwhile,

the device was set to operate at a voltage and current of 45 kV and 40 mA, respectively.

3.2.9. Porosity Assessment of MZ1-loaded MESOPAC

To assess the changes in porosity before and after loading, gas adsorption porosimetry was
performed on loaded samples and MESOPAC via Quantachrome Nova2000 Touch LX2
surface area and pore size analyser (Florida, USA). Nitrogen adsorption-desorption isotherms
were generated within a pressure range of 0-0.99 P/P0O at a temperature of 77 K. Data were
analysed to estimate the pore size, pore volume, and specific surface area of the samples.
Prior to analysis, 200 mg of each sample was degassed at 100°C. The degassing was meant
to be carried out under vacuum for as long as 24 hours. BET and BJH methods were selected
to determine the specific surface area and pore size distribution of the samples, respectively
(Brunauer et al., 1938; Barrett et al.,1951). The specific surface area was obtained at a relative
pressure of 0-0.3 P/P0. On the other hand, the total pore volume was measured from a single

point of nitrogen adsorption at a relative pressure of 0.99 P/PO.

3.2.10. In Vitro Release of MZ1 and MZ1-loaded MESOPAC

To explore the release behaviour of the raw MZ1 and MZ1-loaded porous carrier for oral
delivery, in vitro release studies were performed in environments that simulate the small
intestine. Careful selection of the pH values was made to closely resemble the biological
environment (Pdstges et al., 2023). A 0.05M phosphate buffer of pH 6.8 was chosen as the
dissolution medium in attempt to mimic the conditions of the small intestine (P&stges et al.,
2023). However, 0.3% (w/v) of sodium lauryl sulfate was added to the medium to achieve sink

conditions.
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The tests were performed using Copley Scientific DIS 6000 dissolution apparatus
(Nottingham, UK). MZ1 is an experimental drug undergoing investigational trials and lacks a
standardised monograph to guide in designing studies. In addition, the product supply was
very scarce, hindering the use of conventional dissolution vessels and paddles. Instead, small
volume dissolution conversion kit was adapted to precisely analyse low amounts and small
volume samples. Using a heater system, the temperature was set at 37.4 £ 0.5°C throughout
the duration of the study. Meanwhile, as reported by Péstges and colleagues (2023), the
rotation speed was set to 75 rpm. Since no data is yet available regarding MZ1’s therapeutic
dose for treating colorectal cancer, a theoretical dose of 2.5 mg was used which would achieve
adequate analytical sensitivity but still preserve the amount of drug in hand. For that, one hard
gelatine capsule was filled with an equivalent of 2.5 mg of MZ1 and placed into a metal wired
sinker. Then the capsule was added to a vessel containing 35 mL of release medium. The
release behaviour of raw MZ1 and both drug-loaded MESOPAC was assessed for two hours
in 0.05M phosphate buffer of pH 6.8 (Pdstges et al., 2023) with 0.3% SLS to mimic the small
intestinal environment. At specified time intervals of 0, 15, 30, 45, 60, 90, and 120 minutes,
0.3 mL aliquots were withdrawn, filtered using 0.45 pym syringe filters, and filled into 0.3 mL
glass screw top microvials (SureStart™ Fisher Scientific, Loughborough, UK). Fresh medium
was always added to replace the withdrawn samples. The samples were then assayed using
the HPLC method reported in section 3.2.2. Cumulative drug release plots as a function of

time were obtained.

3.2.11. Statistical Analysis

Data repeated in triplicate were represented as mean and standard deviation, which were then
statistically analysed using Graphpad Prism 10.0 software (California, USA). T-test was used
to statistically analyse the loading efficiency data while two-way ANOVA test was used to
assess the release data of MZ1. The tests were chosen based on the nature of the data. A p-

value less than 0.05 was set for statistical significance.
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3.3. Results and Discussion

3.3.1. HPLC Method Development of MZ1

3.3.1.1. Specificity

Specificity is defined as the ability of the developed method to sperate the molecule of interest
without interference from other components present within the formulation. The
chromatograms of a blank sample and MZ1 at a concentration of 100 ug/mL were obtained.
MZ1 was eluted at 2.1 minutes with a clear peak and no interfering signal. On the other hand,
no peaks were detected around the retention time of MZ1 with the blank sample, indicating

that the peak eluting at 2.1 minutes pertains to MZ1 (Figure 3.2).

a) = b)
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Figure 3.2. Chromatograms of a) MZ1 (100 ug/mL) and b) blank sample to test for the specificity of the
method

3.3.1.2. Linearity and Range

To assess the linearity of the HPLC method, different stock solutions were prepared to obtain
sets of diluted samples. The concentrations that were generated created a range, whereby
the expected levels of MZ1 in case of low or full release can fit. Peak areas were plotted
against the concentrations to obtain the mean calibration curve presented in Figure 3.3. The
graph was linear over the concentration range 0.7 — 100 ug/mL with an R? of 0.9998. This
demonstrated good linearity, suggesting the ability of the method to determine the

concentration of interest in proportionality to the peak area.
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Figure 3.3. Calibration curve of MZ1 [Data are represented as mean + SD (n=3); C18 column 15 cm x
4.6 mm x 5 um; UV detection at 261 nm, injection volume= 40 uL, flow rate= 1.2 mL/min, mobile phase
40:60 ammonium acetate buffer: acetonitrile]

3.3.1.3. Precision

The precision of the HPLC method in terms of instrument repeatability was assessed by
analysing six replicate injections of a standard solution at a concentration of 12.5 ug/mL. Each
sample was injected consecutively under identical conditions. Table 3.1 represents the peak
areas for six replicate injections, mean, standard deviation, and relative standard deviation.
The relative standard deviation was found to be 0.61%, which was well below the cut-off value

of 2%. The method was thus rendered precise and repeatable.

Table 3.1. Peaks areas and relative standard deviation percentages for precision analysis
(concentration: 12.5 pg/mL, n=6)

Sample Peak Area (mV.s)
1 732515
2 739748
3 738291
4 734568
5 727445
6 732295
Mean (mV.s) 734143.7
Standard Deviation (mV.s) 4466.1
RSD (%) 0.61

3.3.1.4. Accuracy
The accuracy of the method was determined, and the mean values are reported in Table 3.2.
The percentage recovery should fall between 98% and 102%. The values obtained fell within

this range, meeting the requirements.
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Table 3.2. Accuracy analysis represented as percentage recovery

Level Theoretical Mean Measured | Mean Accuracy
concentration Concentration (%)
(ng/mL) (ng/mL)
Low 25 25.5 102
Medium 50 50.93 102
High 100 99.42 99

3.3.1.5 Limit of Detection and Limit of Quantification

The limit of detection was found to be 2.24 ug/mL. This value represented the minimum
concentration that can be detected but not necessarily quantified reliably. On the other hand,
the limit of quantification represented the value at which MZ1 can be both detected and
quantified confidently. In this validation process, the LOQ value was determined to be at 6.80

Mg/mL.

3.3.2. Optimisation of Spray Drying Parameters to Prepare MZ1-loaded Mesoporous

Particles

3.3.2.1. Varying Process Parameters

Spray Drying is a well-known technique to generate drug-loaded particles via solvent
evaporation. The efficiency of the spray drying process is governed by multiple process
conditions that include but are not limited to inlet temperature, feed flow rate, aspiration rate,
and feed’s solid content (Singh & Van Den Mooter, 2015). These parameters affect the
properties and characteristics of the final product as well as the process yield. The quest to
optimise the latter has been ongoing, as low powder yield is sometimes encountered with
spray drying (Maury et al., 2005).

In this section, the effect of multiple process parameters on the yield of MZ1-loaded
mesoporous particles was investigated. However, given that MZ1 is an investigational drug
with limited supply and high cost, the process of optimisation was initiated without the addition
of MZ1 for the very first trials. Once the ideal process conditions were identified, MZ1 was
added to the feed and spray dried under the selected parameters. Such an approach to
preserve expensive molecules was mentioned by LeClair and colleagues (2016). In previous
work utilising the novel mesoporous carrier, the optimal drug loading parameters were
determined at an inlet temperature of 60°C, feed rate of 5 mL/min, aspiration rate of 90%, and
nitrogen flow rate of 10L/min (Le, 2021).

Starting with the aspiration rate, the range was varied to include four different values at 60,
70, 80, and 90%. It seemed that setting rate at 90% achieved the highest percentage yield of
29.8% so far, which was in line with previous studies that have stated that high aspiration rates

enhance air throughput resulting in higher circulating air velocity and volume. This created
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greater turbulence, eventually minimised wall deposition, and led to a higher process yield
(Gallo et al. (2011); Laier et al. (2019)).

Another variable to consider whilst optimising the spray drying process is the inlet temperature.
As previous experiments were conducted at an inlet of 60°C, it was necessary to explore the
impact of various temperatures on product yield. Keeping the aspiration rate constant at 90%,
temperature ranges from 40°C to 80°C were studied. From Table 3.3, it can be noted that the
powder yield was negligible at 40°C but increased to 29.8% upon increasing the temperature
to 60°C. This finding aligned with previous literature, such that increasing the inlet temperature
was associated with improved powder recovery (Tontul & Topuz, 2017). Researchers like Tay
and co-workers (2021) explained the reason behind this increase. They revealed that higher
temperatures were associated with enhanced rates of solvent evaporation, resulting in lower
solvent content. This decrease in solvent content minimised powder loss due to sticky deposits
on the spray drying apparatus, particularly the heating chamber and the glass elbow.
Consequently, an improvement in both yield and overall drying efficiency was observed.
Moreover, Permal and co-workers (2020) noticed an increased yield of avocado wastewater
with increasing inlet temperature, reaching a maximum vyield of 49% at the highest inlet used.
However, excessive heat can negatively affect the yield, as the glass transition temperature
is exceeded. This finding was demonstrated when the temperature in this study was set at
80°C, and a decline in yield was observed. It is well known that the glass transition temperature
of a pharmaceutical ingredient is the one that allows the transformation of the drug from the
glassy state to the rubbery form (Solomos et al., 2023). If an amorphous material is spray
dried above its glass transition, then the rubbery form enables it to become sticky and exhibit
the tendency to adhere to surfaces (Solomos et al., 2023). This ultimately leads to an
increased rate of deposition on the walls of the spray dryer, accounting for the decreased
yield. MZ1 was shown to be amorphous in nature, exhibiting a glass transition at 63.46 +
3.30°C as discussed below (sections 3.3.6 and 3.3.7). Therefore, spray drying at 80°C
exceeded the glass transition of the PROTAC, resulting in MZ1 gaining increased flexibility
and motion at the molecular level and softening even further. This transition into the rubbery
state could be presumed for increased stickiness and subsequent reduction in yield. Due to
limited amounts of MZ1 initially available, DSC analysis to determine its glass transition
temperature could not be performed before spray drying. Thus, 80°C was chosen based on
standard practice. Later analysis showed this temperature exceeded the Tg of MZ1, leading
to increased molecular mobility and softening. Despite that, a number of factors were found to
have contributed to the decreased yield observed at higher temperatures in this investigation.
The observed trends can be attributed to the fact that the optimisation process cannot be
represented by a single process condition, particularly due to its complexity and the interplay

of multiple parameters. Obviously, the challenge lied in optimising the interplay of feed
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parameters and experimental conditions to achieve the optimal yield. Herein, the highest yield,

however, was recorded with an inlet temperature of 60°C.

Table 3.3. Spray-drying yields (%) of CAB mesoporous particles at varying inlet temperatures (40, 60,
and 80°C), performed with a constant feed flow rate of 1 mL/min, aspiration rate of 90%, and drying gas
flow of 10 L/min. All samples were sprayed using two-fluid nozzle and ethanol as a solvent

Varying Inlet Temperature

Inlet Temperature Feed Flow Rate Aspirator Drying Gas Flow Yield
(°C) (mL/min) (%) (L/min) (%)
40 1 90 10 Negligible
60 1 90 10 29.8
80 1 90 10 11.03

The third factor that was studied was the feed flow rate. It is important to note that a feed flow
rate of 5 mL/min was not feasible, and the highest achievable flow rate was 3.5 mL/min.
According to Table 3.4, increasing the flow rate resulted in lower yields. This finding was in
agreement with that concluded by Telang & Thorat (2010) and Behboudi-Jobbehdar et al.
(2013), whereby the latter reported a maximised yield of microencapsulated probiotic strain of
lactobacilli with reduced feed flow rate. In general, a linear relationship between product yield
and flow rate was previously described by Behboudi-Jobbehdar et al. (2013). As the flow rate
increased, the throughput became higher, so did the demand for higher evaporation energy.
This left the final particles with a wet and sticky nature due to insufficient drying, which
ultimately affected the powder yield (Buchi UK Ltd, 2025). Therefore, the optimal flow rate was

chosen to be the lowest at 1 mL/min.

Table 3.4. Spray-drying yields (%) of CAB mesoporous particles at different feed flow rates (1—
3.5 mL/min), using a constant aspiration rate of 90% and drying air flow of 10 L/min. Experiments were
performed with a two-fluid nozzle

Varying Feed Flow Rate
Feed Flow Rate Aspirator Drying Air Flow Yield
(mL/min) (%) (L/min) (%)
1 90 10 29.8
2 90 10 16.9
3 90 10 11
3.5 90 10 6.8

From the discussion above, it can be observed that the highest yield (29.8%) was achieved
with the following parameters: inlet temperature of 60°C, feed flow rate of 1 mL/min, and
aspiration rate of 90%. However, spray drying on a laboratory scale is considered satisfactory
only if the product yield is greater than 50% (Maury et al., 2005; Tontul & Topuz, 2017). Given

that, adjusting spray drying process parameters to reach an acceptable yield was not
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successful as the yield was not even close to 50%. It was thus fundamental to additionally
explore the effect of feed characteristics, namely solid content, in an attempt to reach a higher

yield.

3.3.2.2. Varying Feed Characteristics

The impact of increasing the solid content in the feed on the product yield is highlighted in
Table 3.5. A positive trend can be noticed, whereby increasing solid concentration increased
the yield up to 52.8% if the feed and aspiration rates were kept constant as selected above.
Such a percentage slightly exceeded the cut off value for acceptable yields. This finding
corroborated previous work that suggested low solid content in the feed negatively affected
the yield due to the higher solvent ratio and moisture content, which created sticky powder
and minimised the final amount collected (Zhang and Youan, 2010). Similarly, it was
previously reported that feed solutions with low solid content tended to be of high moisture
content and low viscosity, both of which caused the wet droplets to hit the surface of the
apparatus at a very high speed, resulting in the droplets depositing on the walls and reducing
the dry powder yield (Tontul and Topuz, 2017).

A vyield of 52.8% was found to be acceptable for laboratory-based spray drying, and the
process parameters (inlet temperature 60, feed flow rate 1 mL/min, aspiration rate 90%, and
solid content of 4.4% (w/v)) were considered as optimal for loading MZ1 into the novel carrier.
Thus, MZ1-loaded mesoporous particles were generated at two theoretical drug loads; 10%
(w/w) and 20% (w/w). Powder yields of 55.08 + 7.03% and 63.4 + 0.04% were obtained for
the 10% (w/w) and 20% (w/w) MESOPAC formulations, respectively, indicating successful
drug loading to some extent. A similar powder yield (>65%) was obtained with another
research group who attempted to spray dry the PROTAC, MS4078, with Soluplus to produce
amorphous solid dispersions (Hofmann et al., 2024). This finding provided some important
insights into loading of PROTACSs via spray drying, as literature was not highly populated with

articles discussing this.

Table 3.5. Spray-drying yields (%) of CAB mesoporous particles prepared at varying solid contents
(0.4—4.4% wlv), using an inlet temperature of 60°C, feed flow rate of 1 mL/min, and aspiration rate of
90%. Drying was performed with a two-fluid nozzle

Varying Solid Content
Inlet Temperature Feed Flow Rate Aspirator Solid Content Yield
(°C) (mL/min) (%) (% wiv) (%)
60 1 90 0.4 <30
60 1 90 2.2 36.7
60 1 90 3.3 42
60 1 90 4.4 52.8
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3.3.3. Loading Efficiency and Quantification

For MZ1-loaded mesoporous particles, the mean loading efficiencies were calculated to be
55.57 £ 4.96% and 78.00 + 6.88% for 10% and 20% (w/w) drug loads, respectively, as
presented in Table 3.6. The results suggested that some powder was lost during the process
but indicate successful loading to some extent, especially with the higher drug load. This
aligned with observations in the literature, which showed that the encapsulation efficiency of
MZ1 in polymeric nanoparticles reached 55.7% (Cimas et al., 2020).

Interestingly, a significantly higher loading efficiency was achieved with the higher drug load
(p-value < 0.05). One possible explanation is related to the theory of establishing a
concentration gradient for drug molecules to diffuse into the pores; it is well known that drugs
occupy the porous network of carrier particles through adsorption into the walls, which results
in a concentration gradient between the inner and the outer surroundings of the carrier
particles as they are immersed in the solvent (Farzan et al., 2023). More drug molecules then
occupy the internal porous network via diffusion. Therefore, as the drug concentration in the
loading solvent increases, the concentration gradient becomes steeper, favouring the diffusion
of drugs particles towards the internal pores of the carrier (Farzan et al., 2023). Hence, the
number of drug molecules occupying the pores increases, resulting in higher drug loading
efficiency, as seen when MZ1 was loaded into MESOPAC at a higher drug load (20% (w/w)).
Quantification essays revealed actual drug loads of 5.56 + 0.50% and 15.6 £ 1.38% (w/w)
compared to theoretical drug loads of 10 and 20% (w/w), respectively. The discrepancy
between the two can be ascribed to the losses during atomisation or incomplete diffusion of
the drug molecules into the pores of the carrier particles for example. The actual drug loads

will be used to refer to the different formulations throughout the study.

Table 3.6. Drug loads and loading efficiencies of MZ1-loaded mesoporous particles prepared at inlet
temperature of 60°C, feed flow rate of 1 mL/min, aspiration rate of 90%, and nitrogen flow rate of 10
L/min

Formulation Theoretical Drug Load Actual Drug Load Loading Efficiency
(%, wiw) (%, wiw) (%)
MZ1-loaded
Mesoporous Particles 10 5.56 £ 0.50 55.57 + 4.96
(Low drug load)
MZ1-loaded
Mesoporous Particles 20 15.6 + 1.38 78.00 + 6.88
(High drug load)
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3.3.4. Morphology Assessment of MZ1-loaded Mesoporous Particles

The morphological characteristics of the PROTAC-loaded particles were captured in an
attempt to gain an insight into MZ1’s loading into the pores. Figure 3.4, Figure 3.5, and Figure
3.6 illustrate the SEM micrographs of raw MZ1 and unloaded carrier versus those obtained
after loading MZ1 into mesoporous particles at both drug loads.

The micrographs revealed the distinctive spherical structure of the carrier particles, obviously
indicating the porous nature of the carrier (Figure 3.4 (a)). The porous structure was clearly
visible externally on the surface as well as internally. Figure 3.4 (b) depicts unprocessed MZ1.
It was quite a surprise to find that, after the incorporation of the PROTAC, MESOPAC particles
maintained their porous structure but lost their sphericity. It could be seen that, regardless of
the drug load, the maijority of the particles were flattened after loading as shown in Figure
Figure 3.5 (a) and Figure 3.6 (a).

A possible explanation might be that drug particles need to distribute evenly within the porous
network to preserve the spherical structure. Because MZ1 has a relatively large molecular
weight, its ability to diffuse to the core of the carrier was limited, leaving the centre of the
particle unoccupied (as proved later with Raman spectroscopy in section 3.3.5).

Previous studies raised the issue of uneven drug distribution in relation to Péclet number and
its effect on particle morphology (Alhajj et al., 2021). As discussed earlier in chapter 2, surface
recession occurs during drying in response to solvent evaporation. This causes a diffusional
flux of solute particles towards the centre of a droplet. However, in certain cases, the rate at
which the solvent evaporates exceeds the rate of diffusion, resulting in the build-up of solute
particles around the surface. This is referred to as an uneven distribution of solute particles
that is a consequence of limited diffusion, resulting in a hollow particle.

It is not only the rate of evaporation that governs the morphology of the dried particle, but also
the molecular diffusion of the solute. The two are related by Péclet number. A high Pe suggests
that evaporation is occurring faster than the rate at which diffusion can redistribute the solute
particles, resulting in surface accumulation of solute and a hollow core (Al-Khattawi et al.,
2018; Alhajj et al., 2021; Vehring et al., 2007). From this discussion, it can be inferred that in
the case of MZ1, its high molecular weight limited its diffusion capability through the porous
carrier as concluded from Raman spectroscopy in section 3.3.5. As MZ1 struggled to diffuse
to the centre of MESOPAC, the rate of evaporation began to dominate over diffusion, resulting
in a high Pe. An uneven distribution of the PROTAC molecule consequently occurred, as the
core then became primarily composed of carrier material while the surface became dense with
MZ1 molecules. This uneven distribution left the core vulnerable to collapse when high shear
forces were exerted with spray drying. That provided, a droplet with an empty core could not
withstand that high force. It lost its structural integrity and flattened in alignment with the theory
of Pe.
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Interestingly, Figure 3.5 (c) and Figure 3.6 (c) provide a closer look into the loaded
mesoporous particles and point to some drug particles present on the surface as denoted by
the red circles. These spherically shaped nanometric entities were most likely spray-dried MZ1
particles. Compared to unprocessed MZ1 (Figure 3.4 (b)), they acquired the spherical shape
which is a hallmark of spray drying (Hofmann et al., 2024). They were, however, residing on
the surface rather than the pores due to incomplete loading and diffusion. This phenomenon
can be seen to greater extent with 5.5% (w/w) drug load, most likely because of a lower
diffusive force to drive the molecules towards the pores compared to the highly concentrated
15.6% (w/w) MESOPAC. This finding correlated well with the loading efficiencies reported
earlier (section 3.3.3), whereby the 5.5% (w/w) MESOPAC did not show a high drug recovery
percentage only to indicate that some drug molecules were not fully embedded within the
pores. Unlike the lower drug load, the phenomenon of MZ1 particles being spray dried on the
outer surface was less evident with the 15.6% (w/w) MESOPAC. This reflected the efficient
loading process and explained the higher loading efficiency obtained earlier (78%). Altogether,
SEM images showed successful loading of MZ1 into the carrier; however, additional imaging

techniques were required to provide further certainty.
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Figure 3.5.

SEM images of 5.5% (w/w) MZ1-loaded MESOPAC: (a) Flattened particles [Magnification
844x], (b) Spherical, porous loaded particles [Magnification 6093x], (c) Spray-dried MZ1 particles on
the surface of MESOPAC denoted by red circles [Magnification 15000x]
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Figure 3.6. SEM images of 15.6% (w/w) MZ1-loaded MESOPAC: (a) Flattened particles [Magnification:
900x], (b) Spherical, porous loaded particles [Magnification: 6356x], (c) Spray-dried MZ1 particles on
the surface of MESOPAC denoted by red circle [Magnification: 15322x]

3.3.5. Drug Distribution Analysis of MZ1 within MESOPAC

Raman imaging was employed to evaluate the extent of localisation of MZ1 within the carrier
particles (Figure 3.7). A homogenous distribution of the API within the porous network was
assumed to preserve the sphericity of carrier particles, as discussed earlier. Successful drug
loading should show uniform distribution of MZ1 between the outer edges and the porous core
of the carrier particles. The constituents of the samples are observable in the Raman images
of the loaded carrier particles containing MZ1, with MZ1 being represented in red and
mesoporous particles in blue (Figure 3.7). The maps of both drug loads clearly confirmed the
presence of the PROTAC within the carrier, indicating successful loading. It was, however,
the distribution of MZ1 that differed between the two; neither image showed a homogenous
diffusion of the drug molecules towards the core, as the core of MESOPAC remained
unoccupied by lacking any red zones. With 5.5% (w/w) loading, MZ1 was depicted as small
clusters scattered within the first few micrometres of the porous network and was clearly not
evident in the core. A different pattern was noticed with 15.6% (w/w) loaded MESOPAC,
whereby the PROTAC seemed to border the carrier particle and distribute evenly around the
edges only, leaving the core of the particle unoccupied. This pattern of distribution was
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hypothesised to be due to the PROTAC’s large molecular size [1002.64 Da] that prevented its
diffusion deep towards the centre of the carrier and disturbed the creation of a homogenous
distribution as discussed earlier in section 3.3.4. Such a finding was in close agreement with
SEM imaging and loading efficiency data, as it proved the lack of homogeneity within the
carrier and explained the resulting flattening of the particles after loading. It was hypothesised
that this distribution pattern around the edges only could be accounting for the flattening of
mesoporous particles. The rigidity of the carrier particles could not withstand the shear force
of spray drying, as no MZ1 molecules could be seen within the core to strengthen the porous
network. As a result, the particles lost their three-dimensional sphericity and were flattened,
supported by the theory of Pe.

Moreover, particle deformation is a phenomenon seen with spray drying that is a direct effect
of several parameters (Eijkelboom et al., 2023). High spray velocity or shear force could be
one of the underlying causes for particle collapse although not explicitly stated in literature. In
fact, it could be argued that different nozzles spray feed solutions at different velocities. The
gentler ultrasonic nozzle, for example, generates spherical particles since its spray velocity is
reported to be milder (18 to 36 cm/s) than that of the two-fluid nozzle (10 m/s to 30 m/s) (Hsieh
et al., 2024; Ultrasonic Controller Operating Manual, 2014). This difference in spray velocity
identifies the shear forces imparted by the two-fluid nozzle as an additional factor behind
particle flattening with spray drying.

From another point of view, Hofmann and colleagues (2024) generated amorphous solid
dispersions of a model Cereblon-based PROTAC via spray drying. Unlike the results reported
herein, Raman imaging demonstrated homogenous distribution of the PROTAC within the
polymeric matrix of their ASDs. Although the technique of loading was quite similar, with spray
drying used for solvent evaporation, the type of the carrier used herein could account for such
a difference in drug distribution; it is known that the properties of the delivery vehicle such as
the chemical composition, pore size, pore volume, and surface area affect the drug loading
capacity (Bavnhgj et al., 2019). In fact, the stabilisation of the amorphous drug is achieved
differently with mesoporous materials than with ASDs. This difference perhaps accounted for
the homogeneity of the drug within the polymeric matrix. With mesoporous particles, pore
filling is achieved via adsorption to stabilise the amorphous system (Bavnhgj et al., 2024). This
pore filling and adsorption is size-dependent, meaning that molecules that are larger in size
than the pore’s diameter will struggle in achieving pore filling or covering the pore with a
monolayer (Bavnhgj et al., 2019). Hence, the molecules will not distribute evenly, and this
explained why the PROTAC molecule in this study did not show a homogenous distribution
across the porous network. Meanwhile, with ASDs, the amorphous stabilisation is simply
independent of the API's size and depends on the drug-polymer interaction, mainly the

solubility of the drug within the polymer (Péstges et al., 2023). Altogether, Raman imaging
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showed the presence of MZ1 within the porous network, indicating an effective loading
process. Yet, the distribution pattern of the PROTAC within the carrier particles needed further

optimisation.

50 um

—
50 pm

Figure 3.7. Raman imaging of MZ1-loaded MESOPAC formulations: a) & b) 5.5% (w/w) MZ1-loaded
samples and c) & d) 15.6% (w/w) MZ1-loaded sample. Blue zones represent carrier regions while red
zones represent MZ1-populated regions [Magnification: 40x (1.1 NA)]

S.J. Alshatti, PhD Thesis, Aston University 2025 126



3.3.6. Analysis of the Thermal Properties of MZ1 and Loaded Mesoporous Carrier
DSC was employed to investigate the thermal behaviour of raw PROTAC prior to and after
loading into the proposed carrier formulation. Figure 3.8 reveals the thermograms of
the pristine MZ1, spray-dried mesoporous particles, and MZ1-loaded particles. [two
sentences redacted from open access thesis]. This indicated the thermal stability of the
proposed carrier before and after spray drying.

The figure also shows the thermograms of the drug-loaded MESOPAC, with both drug
loads characterised by the absence of any endothermic or exothermic events; only the
glass transition of the carrier particles was detected within the expected range, suggesting
that the PROTAC remained amorphous after loading into MESOPAC.

The controversy, however, lied within the thermogram belonging to raw MZ1, whereby a
broad and very shallow endothermic event was noted at an average of 64.07 £ 2.89°C.
However, it was not clear or sharp enough to be interpreted as the PROTAC’s melting point.
Unfortunately, no previous papers examined the thermal behaviour of MZ1, causing this
peak to be very ambiguous. Thus, it was viewed as a debatable area, whereby current and
future research is meant to explore its underlying significance. Hence, it could be
hypothesised that this event may correspond to either a broad melting event or glass
transition of the drug.

To further confirm that, a heat-cool-heat cycle was conducted for raw MZ1. The
rationale behind this run was that if the shallow event starting at nearly 64.07 £ 2.89°C was
actually the drug’s melting point, then a crystallisation peak should be observed upon cooling
and a sharp melting point is expected in the second heating curve as a result. Yet, by
looking at Figure 3.9 which illustrates the heat-cool-heat cycle of raw MZ1, no sharp
endothermic or exothermic events were detected, neither upon cooling nor upon second
heating cycle. One interesting finding though was the step change occurring with second
heating cycle as denoted by the purple arrow in Figure 3.9. This finding implied that the
original broad shallow event at nearly 63.46°C might be actually MZ1’s glass transition
temperature, but shifted with the second heating cycle, acquiring a clearer and steeper
step transition. It was apparent from this DSC cycle that MZ1 displayed an amorphous solid
state. Postges and co-workers (2023) reported a similar finding, whereby thermograms of
raw ARCC-4, a VHL-based PROTAC, revealed that the PROTAC existed naturally in its
amorphous form with a glass transition temperature detected at 100 + 0.3°C. One
possible explanation for why PROTACSs tend to be amorphous in nature is the large size
they possess along with their structural-based flexibility (Yang et al., 2024). This structural
flexibility stems from their flexible linkers and rotatable bonds (Cecchini et al., 2021). These
flexible linkers that PROTACs are known for could possibly hinder the formation of an

ordered crystalline structure. Likewise, Hofmann and colleagues (2024) found
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that the PROTAC intended for solubility enhancement in their research was amorphous in
nature as well. The enhanced dissolution performance of the PROTAC was thus attributed to
a homogenous distribution of the API within the polymeric matrix and not to a change in the
solid state of the PROTAC. Nonetheless, both research groups saw benefits with regards to
solubility enhancement of PROTACs when using ASD approach. Indeed, poorly soluble
PROTAC molecules that exhibit a naturally amorphous state can still be candidates for
solubility enhancing technologies. This conclusion was promising and may be reflected in this
present study, given that the poorly soluble MZ1 molecule possessed an amorphous state and
was loaded into solubility enhancing mesoporous carrier particles.

In sum, neither MZ1 nor the loaded mesoporous particles showed any melting or crystallisation
peaks in the thermograms, indicating the overall amorphous state of the PROTAC before and
after incorporation into the carrier particles. However, further analysis using other solid-state

profiling and spectroscopic techniques was required for a comprehensive confirmation.

Figure 3.8. [redacted]
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Figure 3.9. DSC heat-cool-heat cycle of raw MZ1

3.3.7. Solid-state Analysis Using XRD

Whether the observed broad, shallow peak was an actual melting peak cannot be solely
determined based on DSC thermograms. The cause of such an event was difficult to
determine from a conventional heating cycle on DSC, and further tests were required as
suggested by Dedroog et al. (2020). It is not preferred to use DSC nor XRD as stand-alone
techniques, and a combination of the two is recommended to strengthen any conclusions
drawn from these analytical techniques (Dedroog et al., 2020). Hence, X-ray powder diffraction
analysis was necessary to characterise the structure of the molecule. Diffraction X-ray patterns
of neat MZ1 and PROTAC-loaded mesoporous particles are shown in Figure 3.10. Since a
broad hump and no sharp diffraction peaks were detected with both samples, it could be
confirmed that MZ1 exhibited an amorphous character as demonstrated by previous research
with other PROTACs (Hofmann et al., 2024; Posteges et al., 2023). Collectively, the findings
of DSC and XRD analyses corroborated and confirmed the amorphous nature of the PROTAC.
Consistent with our finding, the research conducted by Mareczek and colleagues (2024)
proved that some PROTACSs do exist in an amorphous solid state. The PROTAC investigated
in their study retained its amorphous nature following spray drying and embedding into an
ASD, as indicated by the amorphous halo observed via XRD diffractograms (Mareczek et al.,
2024). Although amorphisation via delivery technologies is an approach normally employed

for crystalline drugs to enhance their solubility, the technique can be beneficial for poorly
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soluble drugs that are already amorphous in nature, like MZ1 (Posteges et al., 2023). This is
perhaps due to increased thermodynamic stabilisation within the pores that preserves the

amorphous form of the drug.
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Figure 3.10. XRD analysis of raw PROTAC and MZ1-loaded mesoporous patrticles at two drug loads:
5.5% (w/w) and 15.6% (w/w)

3.3.8. Effect of Drug Loading on Porosity

Nitrogen porosimetry is a characterisation technique employed in assessing the extent of pore
filling by drug molecules via measuring the changes that happen with surface area and pore
volume. The analytical technique consumes a considerable amount of powder with each run.
With this taken into consideration, triplicate analysis was not feasible at that stage because of
the limited amount of MZ1 that was available.

The porosity properties of MESOPAC were examined prior to and after loading with MZ1.
Table 3.7 shows the pore properties (specific surface area, pore volume, and pore size) of
unloaded carrier versus MZ1-loaded mesoporous particles at 5.5 and 15.6% (w/w) drug
loads. [three sentences redacted]. Although the percentage decrease in pore volume was
quite similar between the two drug loads, investigating higher drug loads would have
generated a more pronounced decrease in pore volume as the difference between 5.5%
and 15% (w/w) was very marginal when it comes to efficient drug loading. Yet, collectively,
the decrease in surface area and pore volume of MESOPAC after loading probably indicated

some occupation of the
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pores by the PROTAC molecules. However, it is important to note that the decrease was not
massive as relatively large regions of the carrier, particularly the core, remained unoccupied.
This finding complemented the data provided by Raman imaging, such that if MZ1 was able
to diffuse to the centre of MESOPAC particles, a steeper decrease in surface area and pore
volume would have been noted. Christoforidou et al. (2021) reported similar findings when
loading two similar mesoporous particles that differ in pore network connectivity with an API.
The group noticed a decrease in surface area and pore volume of the generated mesoporous
particles after loading, indicating the successful entrapment of the API within the porous
network.

The overall difference in pore properties between the empty mesoporous carrier and the
PROTAC-loaded particles, regardless of the drug load, was discussed above. The transition
towards comparing the impact of different drug loads of the relatively large PROTAC on the
pore properties of the carrier becomes necessary to allow for a comparative analysis of the
two.

A general observation can be noted, whereby increasing the drug load resulted in a more
pronounced decrease in surface area and increased pore size while the pore volume remained
relatively unchanged. Two possible theories can explain the decrease in surface area with
increasing drug load. Firstly, a higher drug load meant more of the active ingredient being
added to the formulation per amount of the carrier. This increased amount of active ingredient
was translated as higher loading efficiency, especially around the edges of the mesoporous
particles as depicted by Raman spectroscopy. As more of the drug molecules occupied the
pores when the drug load increased, the surface area available for nitrogen to adsorb became
less, ultimately leading to a decreased surface area.

The second theory revolved around pore blocking rather pore filling. In case of a relatively
large PROTAC like MZ1, its amorphous state as confirmed by DSC and the associated
structural flexibility made the molecule likely prone to aggregation. This structural flexibility of
PROTACSs that enables them to adapt to different environments was reported by Jiménez et
al. (2024). When MZ1 molecules aggregate, they might block the surface of the pore, hindering
the nitrogen gas from adsorbing to the inner walls of the pore and resulting in decreased
surface area. Although the structural flexibility might be hampered by spatial confinement, the
uneven drug distribution within MESOPAC might disrupt optimal pore entry and filling, causing
more molecules to aggregate at outer pores. This phenomenon of pore blocking by large
molecules, especially peptides, was reported by Carrozza and colleagues (2023). Although
not specifically directed towards PROTACs, the concept of pore blocking can still be
generalised to involve any large-sized molecule other than peptides (Carrozza et al., 2023).
With regards to the pore volume, it seemed that it remained unchanged despite higher drug

loading. Before exploring the reason behind such a phenomenon, one should understand that

S.J. Alshatti, PhD Thesis, Aston University 2025 131



the pore volume measurement refers to the overall volume of available voids within the whole
carrier particle, collectively. When the pore volume remains constant, the drug molecules
could be filling a small fraction of the pores that is not large enough to induce a detectable
change in the overall pore volume between the two drug loads. This speculation could be
somewhat true, given that MZ1 settled into the outer edges of the particles only, leaving the
majority of the core unoccupied with both drug loads and accounting for a close decrease in

pore volumes between the two.

Table 3.7. Pore properties (Specific surface area, pore volume, and pore size) of empty MESOPAC
and PROTAC-loaded samples

Formulation Specific Surface Pore Volume Average Pore Size
Area (m?/g) (cm®/g) (nm)
[redacted] [redacted)] [redacted [redacted)]
MESOPAC loaded at 5.5% (w/w) 17.14 0.0886 20.68
MESOPAC loaded at 15.6% (w/w) 13.04 0.0897 27.53

3.3.9. Dissolution Performance of MZ1 and MZ1-loaded Mesoporous Particles

Keeping in view the solubility enhancement effect of the porous carrier and the advantages
that porous delivery systems confer to poorly soluble drugs, it became crucial for this study to
establish a relationship between MZ1 and MESOPAC. Therefore, dissolution studies of MZ1
in phosphate buffer pH 6.8 were carried out in an attempt to simply verify the ability of the
delivery system to enhance the dissolution of MZ1 at a pH resembling the small intestine. SLS
at a concentration of 0.3% (w/v) was added to all media to achieve sink conditions.

The release profiles of neat MZ1 compared to loaded MESOPAC formulations are depicted in
Figure 3.11. At 30 minutes into dissolution, only 15.22 + 3.36% of crude MZ1 was dissolved.
In contrast, 48.39 + 5.31% of MZ1 was released when loaded at 5.5% (w/w), and 68.82 +
6.49% of MZ1 was detected in 30 minutes when the PROTAC was loaded at a drug load of
15.6% (w/w). An appreciable difference in release behaviour could be noted between the
samples, with the dissolution rate of MZ1-loaded mesoporous carrier being increased by 4-
folds compared to that of neat MZ1 at 30 minutes (p-value <0.05). The two profiles were
different, and MESOPAC showed faster initial dissolution rate. This finding may be explained
by the fact that the spatial confinement of the molecule within the porous network provided
additional stability of the PROTAC by restraining any molecular mobility that could affect its
dissolution profile. Similar reports of enhanced amorphous stability of small molecules and
proteins in porous cavities due to spatial confinement were found (Makila et al., 2014;
Radhakrishna et al., 2013; Ukmar et al., 2011). Ukmar and colleagues (2011) revealed
restricted mobility of small molecules when confined within pores that was measured by NMR.

It can be also seen from Figure 3.11 that the release was higher when the drug load increased
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despite having lower surface area of MESOPAC for release. One possible explanation might
be related to the distribution pattern of MZ1 with different drug loads as described in section
3.3.5. With the higher drug load, MZ1 molecules were packed densely around the outermost
edge of the surface, creating a well-defined boundary or a ring-like pattern around the particle.
Unlike the higher drug load, scattered clusters that were located slightly deeper but still around
the surface were observed with the lower drug load. This distribution pattern between the two
might have facilitated the accessibility of dissolution medium to the PROTAC molecules in the
ring-like structure as they are more exposed, accounting for higher release.

Moreover, although the drug was already amorphous in nature, the difference in dissolution
could also be ascribed to the increased surface area of the PROTAC molecules. Solid MZ1
particles, which existed micrometric range as shown in SEM images (see Figure 3.4), were
forced to confine within the nano-sized pores during solvent evaporation. This decrease in
size from the micrometric range to form the nano-solidified drug particles increased the surface
area compared to the raw, unloaded drug and probably resulted in enhanced dissolution. This
explanation was inspired by Hofmann and colleagues (2024), who discussed the effect of
surface area on the dissolution kinetics of a PROTAC molecule embedded within ASDs of
different polymers. Upon storage, one of the polymers used resulted in the fusion of particles
and thus an increase in size. This increase in size led to a decrease in surface area and
impaired dissolution kinetics.

Literature reports on utilising delivery systems to enhance the solubility of PROTACS were
very scarce; yet a paper reported that the encapsulation of PROTACs within the cavities of a
delivery vehicle, such as mesoporous silica nanoparticles, is a potential technique to amend
the release behaviour of these molecules (Chen et al., 2022).

Moreover, a similar finding was reached in two studies, whereby amorphous solid dispersions
(ASD) potentially improved the dissolution of two PROTAC molecules (Hofmann et al., 2024;
Postges et al., 2023). The former group of researchers observed nearly 31-fold increase in
dissolution between crude PROTAC and ASDs. Meanwhile, the latter group aimed to stabilise
the amorphous PROTAC within the polymeric matrix by generating an aqueous
supersaturated solution of the drug resulting in enhanced bioavailability. In their study, Raw
ARCC-4 showed very little dissolution in phosphate buffer (<0.4 ug/ml) while polymeric ASD
enhanced the dissolution of the poorly soluble PROTAC up to 31.8 + 0.6 pg/mL (Postges et
al., 2023). The dissolution profile of another PROTAC molecule, SelDeg51, after embedding
in a solid dispersion with polyvinyl alcohol was investigated by Mareczek and co-workers
(2024). Although the drug exhibited an amorphous solid state naturally, its dissolution
performance was significantly improved by the use of ASDs compared to the non-dispersed,
raw form. The enhanced dissolution effect was attributed to the increased stability of the
PROTAC molecule within the ASD that restricted its tendency to flex (Mareczek et al., 2024).
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These findings suggest that drug delivery vehicles in general, such as mesoporous carriers,
can be developed to optimise and circumvent the challenges associated with the oral delivery
of PROTACSs. As reported herein, MZ1’s dissolution was improved significantly with the use
of the solubility enhancement technology, MESOPAC. However, it is important to note that the
incomplete release observed with MZ1-loaded MESOPAC can be attributed to the differences
in hydrodynamics between small-volume and large-volume dissolution setups. To obtain a
release profile that accurately represents the formulation's true potential, adjustments to key
conditions, particularly paddle rotational speed, were necessary. Unfortunately, due to the
limited supply of the PROTAC molecule, full optimisation of the hydrodynamic conditions in
the mini dissolution vessels to match the performance of the compendial setup and achieve
complete drug release was not feasible. A more comprehensive discussion of how
hydrodynamics influence drug dissolution can be found in the next chapter (section 4.3.3.4).
To our knowledge, this is the first report of studies into the release of MZ1 from mesoporous

delivery systems.

90.00
80.00
I [ T |
70.00 l I l
£ 60.00
3 L
3 50.00 = —3
&) L
S 4000
5
>
E 30.00
=
o
20.00
Raw MZ1
10.00 =8=MZ1/MESOPAC 5.5% w/w
MZ1/MESOPAC 15.6 % w/w
000
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (Minutes)

Figure 3.11. Dissolution analysis of raw PROTAC and MZ1-loaded mesoporous particles in buffer pH
6.8 with 0.3% (w/v) of SLS (n=3 for each timepoint)
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3.4. Conclusion

Drugging the previously thought undruggable protein targets, PROTACs represent a
revolutionary therapeutic modality in the pharmaceutical industry. Given their increased
specificity and safety profile, in addition to their ability to utilise the cell's own degradation
machinery, PROTACs can degrade proteins driving multiple diseases including cancer.
However, their inherent low solubility and permeability delay their clinical translation from
bench to bedside and impede their oral delivery. Hence, mesoporous particles could be
employed to tackle the solubility challenges associated with PROTACs. MZ1, a model
PROTAC molecule for colorectal cancer with low solubility, was loaded into novel cellulosic
mesoporous carrier. Spray drying process parameters were studied with regards to their effect
on the powder vyield. Acceptable yields and loading efficiencies were achieved with the
following parameters for both drug loads: inlet temperature of 60° C, feed flow rate of 1
mL/min, and aspiration rate of 90%. SEM images revealed flattening of mesoporous particles
despite successful loading due to limited diffusion of MZ1 into the bulk of the particles because
of their large molecular size. Raman imaging further confirmed the restricted internal
distribution of MZ1, showing that MZ1 distributed around the outer edges of the mesoporous
particles and left the core unoccupied. Meanwhile, thermal analysis confirmed the amorphous
nature of MZ1 prior to and after loading into mesoporous carrier, which conferred additional
stabilisation of MZ1 in the pores against any conformational changes. The change
experienced in pore properties of MESOPAC after introducing MZ1 indicated a successful
degree of loading, as reflected by the decrease in surface area and pore volume when
compared to the unloaded form of the carrier. The ability of mesoporous particles to enhance
the solubility of MZ1 was also investigated. It was proved that MZ1-loaded MESOPAC were
superior in terms of dissolution as opposed to raw MZ1, with a 4-fold increase in dissolution
at 30 minutes. This finding demonstrated that the novel mesoporous carrier proposed herein
is a promising technology for solubility enhancement of not only small molecules, but also for
those that lie outside the rule-of-five chemical space. From these findings, one can conclude
that oral delivery of PROTACSs is challenging but could be improved utilising mesoporous
carriers. The permeability aspect, however, should be considered in future studies to fully

exploit their potential as oral therapeutics.
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Chapter 4

Colon-targeted Delivery of Small
Molecules and PROTACs Using
Mesoporous Particles: An
Enzyme-triggered Approach
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4.1. Introduction

In the previous chapters, an innovative PROTAC, representing a complex class of molecules
with challenging physiochemical properties, was examined using a novel mesoporous carrier
technology. The targeting application of the system is, however, yet to be explored, particularly
with regards to colon-specific delivery. The process of generating the mesoporous particle
proved to be reproducible, and its capability of encompassing complex molecules was
demonstrated. Yet, its true potential as a modern technology resides in making the most of
the advantages that the colonic environment offers for drug delivery but acknowledging its
challenges too.

The interest in the colon stems from being a microenvironment with unique features. These
features can be summarised into a varying pH gradient within its segments that is quite
elevated compared to the other regions of the GIT, a long transit time of more than 18 hours,
and harbouring the largest microbial community that secrete enzymes capable of fermenting
indigestible polysaccharides (Awad et al., 2022). These have been widely explored for site-
specific targeting of drugs locally and systemically (Details in chapter 1).

Nevertheless, one particular aspect was not brought into focus in existing literature. The colon
displays lower proteolytic activity compared to the small intestine, which acts as a promising
delivery opportunity for vulnerable drugs (Rubinstein et al., 1997). In fact, research has shown
that the colon exhibits low levels of drug uptake and reduced expression of efflux transporters
and metabolising enzymes like cytochrome P450 (McCoubrey et al., 2023). Altogether, this
might be advantageous for drugs that are affected by these processes, particularly those that
experience extensive efflux or are metabolised in the small intestine and possess low
bioavailability as a result (Awad et al., 2022; McCoubrey et al., 2023). Thus, the gentler
environment that the colon offers might enhance the bioavailability of these drug molecules,
offering prospects for colonic delivery.

Of importance is the low concentration of p-glycoprotein (P-gp) efflux transporter in the colon
compared to the small intestine (McCoubrey et al., 2023), which might be beneficial for the
delivery and permeability of PROTAC molecules in particular. It has been reported that MZ1
is susceptible to significant P-gp efflux, affecting its oral bioavailability (Opnme, 2025).
Therefore, delivering MZ1 to the colon as a site with reduced P-gp expression is hypothesised
to enhance its bioavailability and effectiveness. This served as the framework for the work
conducted in this chapter, aiming at delivering PROTAC-loaded MESOPAC to the colon and
exploring the advantages that this site provides.

Given these advantages, it is no doubt that there is an increased demand on designing colon-
targeted drug delivery systems, particularly for complex molecules. Several technologies have
been proposed in literature to promote colonic delivery of drugs. These vary between pH-

dependent strategies, time-based technologies, and enzymatic-triggered formulations
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(Nguyen et al., 2019). The latter is noteworthy, given that some polysaccharides are resistant
to digestion in upper GIT but are completely fermented by colonic microflora, releasing the
drug load specifically within the designated region upon the action of enzymes (Gong et al.,
2024b). They are known to possess good biodegradability, biocompatibility, and safety profile
(Gong et al., 2024b). Natural polysaccharides, like gaur gum and pectin, exhibit properties that
could be imparted to MESOPAC to facilitate its colonic-targeting. Both are selectively
degraded in the colon and are, thus, possible candidates for colonic delivery. However, pectin
might require modification due to high solubility in the small intestine (Akhgari et al., 2010).
Guar gum, on the other hand, displays a key characteristic, which is its ability to swell in upper
GIT, forming a viscous gel network that delays drug release and prevents the ingress of
dissolution medium (Krishnaiah et al., 2002). The integration of these polysaccharides with
drug delivery technologies allows controlled release of drugs to maximise the efficiency of
treatment.

Guar gum and pectin have been long studied for colon targeting purposes. In early work, the
emphasis was primarily on utilising guar gum in simple drug delivery systems such as
matrices, compression coats, and hydrogels (Gliko-Kabir et al., 2000; Krishnaiah et al., 1998;
Prasad et al., 1998; Vemula & Bontha, 2013; Shyale et al., 2006; Yellela et al., 2009).
Altogether, the findings of early research suggested that drug release can be minimised in
upper GIT but was triggered in the colon when guar gum was used, depending on the
concentration within the formulation and the thickness of the swellable network formed. Yet,
recent advances found that guar gum can be effectively combined with other polymers, like
Eudragit, HPMC, xanthan gum, or pectin; it can also be combined with other formulation
strategies, such as nanotechnology, microspheres, mesoporous silica particles, or liposomes,
in addition to being chemically modified to have a dual- control over drug release and optimise
the efficacy of the proposed strategies (Chandel et al., 2020; Hanmantrao et al., 2022; Kuar
et al., 2017; Kumar et al., 2017; Moutaharrik et al., 2023; Seeli, & Prabaharan, 2016).
Collectively, these efforts emphasised the versatility of guar gum with regards to colonic
applications, spanning through various delivery platforms and originating from its ability to
delay drug release until acted on by enzymes in the colon.

Likewise, pectin emerged as a polysaccharide with colonic targeting potential that stems from
its backbone chains being specifically broken down by pectinases found in the large intestine
(Gong et al., 2024b). The interest in pectin started in the early 1990’s, where the employment
of pectin for colon delivery was centred around simple strategies and focused on unveiling its
degradability and versatility. For example, Ashford and colleagues (1993) applied high-
methoxy pectin as a compression coat on tablets designed for colon-targeted delivery. Soon
after, researchers identified the challenges associated with native pectin, whereby premature

release occurred due to high solubility. The native polysaccharide was modified to generate
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more water-resistant forms that overcome this issue (Gong et al., 2024b). The emphasis
transitioned to modified pectin derivatives, such as calcium pectinate that is formed through
ionic interactions to reduce water solubility. For instance, Rubinstein et al. (1993) prepared
compressed tablets containing the active ingredient and calcium pectinate for colon-specific
delivery. Notable enhancement in drug release was noticed upon exposure to colonic
enzymes. Moreover, gel beads of calcium pectinate were generated by Sriamornsak &
Nunthanid (1998) for controlled release of drugs that exhibit poor solubility. Mixed polymer
systems that are based on combining pectin with other materials like Eudragit, chitosan,
HPMC, or ethylcellulose were also reported (Akhgari et al., 2010; Chang & Lin, 2000; Turkoglu
& Ugurlu, 2002; Wakerly et al., 1996). Years of research followed, and the significance of
pectin still persists. It is the shift, however, to more sophisticated and complex strategies that
marks the ongoing evolution of pectin in colonic delivery. Nowadays, research proved the
adaptability of pectin within a range of colonic applications as in multi-layered and hybrid
systems, smart-gated delivery technologies, stimuli-responsive strategies, and
nanotechnology (Awad et al., 2022; Ribeiro et al., 2014; Wu et al., 2025).
Achieving controlled release within the colon is certainly advantageous for many drug classes,
especially for novel molecules like PROTACs to ensure optimal therapeutic efficacy. The
choice of polymers becomes crucial to meet this objective. Introducing new polymers to the
market is complicated and lengthy, while using polymers that are already approved facilitates
the industrial translation if needed. Hence, the selection of pectin and guar gum was based
on the fact that they are generally regarded as safe (GRAS), with established profiles and
extensive documentation in drug delivery applications. While PROTACs might be ideal
candidates for colon delivery, there remains a need for an innovative drug delivery technology
that could host these molecules. Incorporating colon-specific polysaccharides into the novel
mesoporous carrier proposed herein opens new avenues in colon-targeted delivery, such that
guar gum and pectin were exploited differently and innovatively compared to past work. To
date, this chapter is the first to report the delivery of a model PROTAC molecule to the colon.
It is also the first to combine CAB-based mesoporous particles with guar gum for colonic
release of drugs.
The objectives of this chapter were as follows:

» To design an enzyme-triggered drug delivery system for colon-specific delivery using

MESOPAC
» To identify and analyse appropriate polysaccharides that could retard drug release in
upper GIT but facilitate the release specifically in the colon
» To assess the in vitro drug release in simulated media representing different GIT

segments
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» To establish a correlation and achieve a comparable release profile between the
small-volume dissolution vessels and the compendial setup by adjusting the
dissolution parameters

» To implement the optimal formulation design in the delivery of a model PROTAC to

the colon
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4.2. Materials and Methods

4.2.1. Materials

Pectin citrus USP and guar gum NF were purchased from Spectrum Chemicals (New Jersey,
USA) and VWR (Leicestershire, UK), respectively. Hydrochloric acid and methanol were
supplied by Fisher Scientific (Loughborough, UK). Endo-1,4 B-Mannanase (Aspergillus niger)
and a-galactosidase (Aspergillus niger) powder were bought from Megazyme (Bray, Ireland).

All other materials are listed in sections 2.2.1 and 3.2.1.

4.2.2. Preparing MESOPAC, Loading with Felodipine and MZ1, Calculating Loading
Efficiency and Drug Load Quantification, and Performing Statistical Analysis

MESOPAC was generated via spray drying using ultrasonic nozzle following the method in
section 2.2.2. Loading MESOPAC with felodipine and MZ1 was conducted at a theoretical
load of 20% (w/w) according to the methods stated in sections 2.2.3 and 3.2.3, respectively.
The samples generated were quantified via HPLC as reported in sections 2.2.4 and 3.2.2.

Statistical analysis was performed in accordance with section 2.2.12.

4.2.3. Designing Pectin and Guar Gum-based MESOPAC Formulations via Spray Drying
Spray drying was investigated as a pore capping technique using Buchi B-290 mini spray dryer
with a two-fluid nozzle from Flawil (Switzerland). A dispersion of pectin at a concentration of
0.8% (w/v) in water was created and homogenised, to which felodipine-loaded MESOPAC
was added at polymer-to-formulation ratios of 5:1 and 10:1. The dispersion was kept on the
stirrer throughout the run (VWR, Leicestershire, UK). The process proceeded at the following
parameters: inlet temperature of 165°C, outlet temperature 120°C, aspirator rate of 90% (or
35 md/hr), feed flow rate at 2.5 mL/min, and nitrogen flow rate at 10 L/min.

On the other hand, guar gum was similarly dispersed in cold water at concentrations of 0.5%
and 0.8% (w/v) and homogenised. Spray drying parameters were varied throughout, testing a
range of variables. The investigations were carried out at an aspirator rate of 90% (35 m?hr),
nitrogen gas flow of 10L/min, inlet temperatures of 165 and 180°C, feed flow rates at 2.5 and
5 mL/min, solid contents of 1 and 1.6% (w/v), and guar gum concentrations of 0.5% and 0.8%

(W/v).

4.2.4. Designing Physical Mixtures of Pectin and Guar Gum-based MESOPAC
Formulations with Felodipine-loaded MESOPAC for Colon-targeted Delivery

Physical mixtures of pectin were prepared at polymer-to-MESOPAC ratio of 10:1. Accurate
amounts of guar gum and felodipine-loaded MESOPAC were weighed and transferred into a
glass vial. To ensure uniformity, the powders were blended using flask shaker (Stuart Scientific

Surrey, UK) at 700 oscillations per minute for 30 minutes. Following that, the samples were
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mixed manually for five minutes to ensure additional homogeneity. The samples were then
stored in glass vials at room temperature.

Physical blends of guar gum with felodipine-loaded MESOPAC were prepared similarly but at
three guar gum-to-MESOPAC ratios, namely 3:1, 5:1, and 10:1.

4.2.5. In Vitro Dissolution of Pectin-based MESOPAC Whether Prepared via Spray
Drying or as Physical Blends with Felodipine-loaded MESOPAC

The release behaviour of felodipine-loaded MESOPAC with pectin was studied across the
upper GIT segments in small-volume dissolution apparatus by Copley (Nottingham, UK).
Formulations, either spray dried at 5:1 or 10:1 of polymer-to-MESOPAC ratio or physically
blended at 10:1, were studied in 30 mL of 0.1N HCL with 1% (w/v) SLS to simulate the acidic
environment of the stomach followed by phosphate buffer pH 6.5 with 1% (w/v) SLS to mimic
the small intestine (Wong et al., 1997). The dissolution media were maintained at 37 + 0.5°C
with a stirring speed of 50 rpm according to USP monograph. Samples containing 2.5 mg of
felodipine were weighed, filled into hard-shell gelatine capsules size 00, and wrapped in
sinkers. The same capsule was transferred between the vessels, with samples withdrawn
every 30 minutes for two hours in the gastric stage. Then, the capsule was examined for four
hours in media simulating the small intestine, during which samples were also collected every
30 minutes. Aliquots of 0.3 mL were withdrawn at predefined time points and replaced with
fresh media. The withdrawn samples were filtered with 0.45 pym syringe filters (Fisher
Scientific, Loughborough, UK) and transferred into small-volume HPLC vials (Thames Restek,
Buckinghamshire, UK). After that, the withdrawn samples were analysed using the HPLC
method reported in section 2.2.4. Cumulative drug release plots as a function of time were

obtained.

4.2.6. In Vitro Release of Raw Felodipine and Felodipine-loaded MESOPAC in
Compendial Dissolution Apparatus and in Small-volume Dissolution Apparatus

Because colon-targeted delivery assessments involve the use of enzymes to mimic the
microbial community responsible for digesting polysaccharide-based coats, the use of a
compendial dissolution setup was not feasible as it requires large quantities of the enzymes
to be added. It was necessary to establish a correlation in drug release between the
compendial setup and the adapted miniaturised apparatus. To evaluate the effectiveness of
small-volume vessels in achieving a similar performance to that of compendial large vessels,
in vitro dissolution tests were initiated. Raw drug along with drug-loaded carrier particles were
investigated in phosphate buffer with a pH of 6.5 and 1% (w/v) SLS for two hours following
USP 36 monograph with slight modification. USP apparatus 2 (rotating paddle, 50 rpm) was
used as the model compendial large-volume setup, whereby dissolution tests were conducted

in an Erweka DT 126 dissolution apparatus (Heusenstamm, Germany). Hard-shell gelatine
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capsules were filled with samples equivalent to 41.6 mg of felodipine and added to 500 mL
vessels containing dissolution medium at 37 £ 0.5°C. The amount was selected to achieve the
same theoretical concentration of 83 ug/mL as the small-volume setup. It was necessary to
use the same theoretical drug concentration for meaningful comparison between the two, as
concluded by Hellberg et al. (2021) and Klein & Shah (2008). Sinkers were used to restrict
floating of capsules. A volume of 5 mL was withdrawn every 30 minutes over a period of 120
minutes, filtered using 0.45 um filters (Fisher Scientific, Loughborough, UK), and injected into
HPLC vials supplied by Thames Restek (Buckinghamshire, UK). Experiments were repeated
in triplicate for the raw form and the drug-loaded MESOPAC. The samples were finally
analysed by HPLC according to the method reported in section 2.2.4.

For the small-volume vessels, the release behaviours of raw felodipine and felodipine-loaded
MESOPAC were examined under identical conditions as compendial setup but with adjusting
some parameters to accommodate the differences that exist between the two. These
parameters mainly involved the speed of the rotating paddle, the volume of the dissolution
medium and the sample withdrawn, and the fill powder amount. Samples equivalent to 2.5 mg
were filled into capsules and introduced to 30 mL of dissolution media. This amount ensured
the same theoretical concentration as that with large-volume vessel was met. Paddle speed
was varied to investigate three different speeds: 50, 150, and 200 rpm. At designated time
intervals, aliquots of 0.3 mL were collected and replaced with fresh phosphate buffer. All other

settings were the same as the compendial setup.

4.2.7. In Vitro Release of Felodipine-loaded MESOPAC and MZ1-loaded MESOPAC
Using Guar Gum for Colon-specific Delivery in Small-volume Dissolution Apparatus

Dissolution experiments to test the colonic specificity of the drug-loaded MESOPAC with and
without guar gum were performed in small-volume vessels to preserve the API as well as the
enzymes using Copley Scientific dissolution tester (Nottingham, UK). The miniaturised vessels
with mini paddle can fit directly onto the existing dissolution bath. Tests were performed in 30
mL at 37 + 0.5°C, with hard-gelatine capsules containing samples equivalent to 2.5 mg of
felodipine. Different guar gum-to-drug-loaded MESOPAC ratios were investigated, namely
3:1, 5:1, and 10:1. The mini paddle speed was set at 150 rpm. To assess whether the
formulations remain intact in upper GIT, they were studied in environments mimicking the
mouth-to-colon transit. Initially, the capsules with sinkers were placed in 0.1 N HCL with 1%
(w/v) SLS for two hours to mimic the stomach and then were transferred to phosphate buffer
of pH 6.5 with 1% (w/v) SLS for four hours to represent the conditions of the small intestine
(Naeem et al., 2018; Wong et al., 1997). Drug dissolution in the colon was evaluated by
continuing the release for additional 18 hours in the presence and absence of enzymes. The

simulated colonic fluids consisted of phosphate buffer pH 7.4 with 1% (w/v) SLS (Naeem et
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al.,, 2018; Narala et al., 2023). Tests conducted in colonic environment without enzymes
served as control. Meanwhile, to assess the effect of colonic microflora on drug release, the
media were spiked with one or both enzymes, endo-1,4 3-mannanase at 0.166 U/mL and o-
galactosidase at 0.033 U/mL (Burke et al., 2005; Gliko-Kabir et al., 2000). Aliquots of 0.3 mL
were withdrawn every 30 minutes in gastric and small intestinal conditions. In colonic
environment, sampling was done at the following time intervals: 1, 2, 3, 4, 5, 9, and 18 hours.
Fresh medium was introduced each time a sample was withdrawn. The aliquots were injected
into Eppendorf tubes, to which 0.3 mL of methanol was added. The samples were then
centrifuged at 3000 rpm for 20 minutes before being filtered and injected into low-volume
HPLC vials (SureStart™ Fisher Scientific, Loughborough, UK). HPLC analysis was performed
as reported in section 2.2.4, but using a different HPLC device. Agilent 1220 Infinity Il was
used to analyse the samples at the pre-established parameters (Cheshire, UK). All tests were
run in triplicate, and release data obtained from peak areas were reported as mean + standard
deviation.

For PROTAC delivery to the colon using guar gum as release modifier and MESOPAC,
dissolution tests were performed under the same conditions as those with felodipine but with
slight modifications. Only the optimal guar gum-to-drug-loaded MESOPAC ratio (5:1) was
investigated upon adding two enzymes to the test. The SLS concentration was reduced to
0.3% (w/v) to avoid interference with the HPLC peaks. The chromatographic analysis was,
however, conducted according to the method reported in section 3.2.2 using Agilent 1220
Infinity I HPLC (Cheshire, UK). All other test parameters were kept the same.

In this chapter, two categories of control samples were tested. One, detailed earlier, was
employed to assess the effect of enzyme addition in drug release, whereby media without
enzymes were involved. The other included samples of drug-loaded MESOPAC (drug load
20% (w/w)) without guar gum to correlate the effect of site-specific release to the presence of
the polysaccharide. Felodipine or MZ1-loaded MESOPAC without guar gum were simply
studied at a sequential pH gradient that represents the different segments of the GIT.
Capsules, containing approximately 2.5 mg of API, were placed for 120 minutes in 0.1N HCL
with 1% (w/v) SLS to represent the stomach. A new capsule was added each time to
phosphate buffer pH 6.5 and 7.4 with 1% (w/v) SLS to mimic the small intestine and the colon,
respectively. Ideally, one capsule should be added and studied under each phase of the GIT
for the entire duration of the study by transferring it between the vessels. Because guar gum
was not present, this approach was not possible as a transferrable plug of powder particles
was not formed. Moreover, gradual pH adjustment using buffering agents to shift the medium
from acidic to basic to represent the transit from the stomach to colon was also not feasible
since small-volume vessels are used, where analytical sensitivity and sink conditions would

be disrupted in that case. Therefore, individual capsules were introduced to each phase, such
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that a separate assessment was carried out. Every 30 minutes, 0.3 mL samples were
withdrawn from the vessels representing the gastric and small intestinal region and replaced
with fresh media. In those mimicking the colon, samples were withdrawn hourly for five hours
and then at the ninth and eighteenth hour to represent the colonic transit. The tests were
conducted at 150 rpm using Copley’s mini vessels with 30 mL of dissolution media equilibrated
at 37 £ 0.5°C. For each withdrawn sample in Eppendorf tubes, 0.3 mL of methanol was added
to match the experimental conditions of guar gum-based samples. The samples were then
centrifuged (Hettich Mikro 20, Tuttlingen, Germany), filtered, and injected into small-volume
HPLC vials (SureStart™ Fisher Scientific, Loughborough, UK) for analysis. The runs were

performed in triplicate. HPLC analyses were done as reported earlier, depending on the API.

4.2.8. Statistical Analysis

Data repeated in triplicate were represented as mean and standard deviation, which were then
statistically analysed using Graphpad Prism 10.0 software (California, USA). Appropriate
statistical methods (either one-way ANOVA or two-way ANOVA) were chosen based on the

nature of the data. A p-value less than 0.05 was set for statistical significance.
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4.3. Results and Discussion

4.3.1. Investigating Pectin as a Potential Polymer for Colon-targeted Delivery

Pectin is widely recognised for its colon-specific microbial degradation and gelling property
that facilitate its application as a drug delivery vehicle (Das, 2021). But being a polysaccharide
in nature, pectin is classified as a hydrophilic or water-soluble material, which is quite
undesired for colonic targeting (Das, 2021). Despite being inherently water soluble due to the
abundant presence of carboxylic groups that can form hydrogen bonds with water (Zhang et
al., 2024), the practicality with which it is dispersed or solubilised is somewhat challenging. It
is well known that the solubility and gel-forming properties of pectin are dictated by several
factors, such as its degree of esterification and molecular weight, in addition to other conditions
present within the setting such as ions, pH, and temperature (Arias et al., 2021). Of importance
is the degree of esterification, whereby pectin’s hydrophilicity can be reduced when esterified.
Therefore, high methoxy pectins (HMPs) show reduced hydrophilicity. They exhibit a slightly
hydrophobic nature due to the high esterification that minimises the interaction with water
molecules (Zhang et al., 2024). This leads to incomplete dissolution of HMIPs when added to
water, due to this hindered hydration.

Given that pectin is insoluble in organic solvents (Wurfel & Heinze, 2025), water becomes the
default solvent to create a solution or suspension of pectin for spray drying. In water, pectin
exhibits the tendency to gel under specific conditions only (Abboud et al., 2020), which if not
present, pectin molecules tend to clump (Said et al., 2023). To start the spray drying process,
a dispersion of pectin in water was created at a concentration of 0.8% (w/v). A homogeniser
was required to disperse the lumps. It is also noteworthy to mention that dispersions of higher
concentrations were not feasible as the viscosity highly increases. This increase in viscosity
impeded the spray drying process, particularly atomisation. A similar finding was reported by
Nguyen and colleagues (2024). In their investigation, pectin formed lumps and was not
dispersed at a concentration of 20% (w/w). At lower concentrations of 10% and 9% (w/w), the
solutions were highly viscous, lacking flowability and dispersibility.

During the preliminary studies, spray drying of blank pectin particles was attempted to
understand the effect of the process on pectin itself and to optimise the spray drying
parameters prior to the addition of drug-loaded MESOPAC. This aligns with earlier
investigations to preserve the materials during spray drying in the early stages of
pharmaceutical product development (Li et al., 2022). The effect of four parameters, namely
inlet temperature, feed flow rate, solid content, and aspirator rate, on the yield were initially
studied (Table 4.1). It can be inferred from the data that increasing the inlet temperature
increased the yield until it reached a point beyond which the increase in temperature adversely

affected the yield. A similar behaviour was reported by Li et al. (2022) such that the powder
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yield was maximised as inlet temperature kept on increasing until lower powder recovery was
noticed when excessive high temperatures were reached. The increase in yield observed with
increasing inlet temperature was discussed in section 3.3.2.1. However, the decline towards
higher temperatures with pectin in this chapter can be attributed to approaching pectin’s
degradation temperature. Research showed that pectin molecules vary in their structure and
degree of modification, and this variability, subsequently, influences their thermal behaviour
(Einhorn-Stoll et al., 2007). For example, pectin extracted from different sources, such as
apple and citrus peel, degrade at different temperatures (Dranca & Oroian, 2019). However,
a general agreement was reached by several authors suggesting that pectin from citrus peel,
similar to the one used herein, undergoes degradation between 220 and 240°C (Dranca &
Oroian, 2019; Einhorn-Stoll et al., 2007; Renteria-Ortega et al., 2023; Wang et al., 2014).
Although eventually some powder was obtained when spray drying at 180°C, the yield was
declining because the temperature was operating near the degradation threshold of pectin. In
fact, Ruano et al., (2020) reported that deacetylation of pectin molecules begins at 183.27°C,
explaining the suboptimal spraying performance captured as lower yield at 180°C.

Similarly, the effect of feed flow rate on yield followed a comparable pattern. An initial increase
in flow rate led to improved yield, but beyond a certain value, further increases resulted in a
decline. Li and colleagues (2022) described such a pattern and attributed it to large droplets
being generated at high flow rates. These larger droplets require a higher temperature input
to sufficiently dry and flow without sticking to the walls of the spray dryer. Most likely, this could
explain the decrease in yield herein when the feed flow rate was set at 5 mL/min, requiring
higher inlet temperatures that were not feasible as pectin’s degradation threshold was
approached.

On the other hand, the aspiration rate showed a continuous increase in yield, which was
explained in section 3.3.2.1. Additionally, upon optimising spray drying of pectin
microparticles, Li and co-workers (2022) revealed that higher aspiration rate minimised the
moisture within the system, accounting for lower tendency of wall deposits and thus enhanced
yield.

On the contrary, an inverse relationship existed between solid content and powder recovery.
It was shown that the lowest solid content of 0.8% (w/v) achieved the highest yield when spray
drying pectin. This contrary finding to that discussed in section 3.3.2.1 of the effect of solid
content on powder yield could be explained by pectin’s viscous nature. When the
concentration of pectin increased within a solution, the system became non-flowing and non-
sprayable as observed by Siles-Sanchez et al. (2024). In their study, Siles-Sanchez and
colleagues (2024) operated with the solution of the lowest pectin concentration (10 mg/mL)
among several concentrations tried because their spray drying process was limited by the

increased viscosity of the solution as pectin’s concentration increased. Similarly, Sarabandi et
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al. (2018) reported a decline in the powder yield when pectin concentration exceeded 2%
(W/w).

Following the preliminary optimisation trials, the parameters resulting in maximised yield were
determined as: inlet temperature of 165°C, feed flow rate of 2.5 mL/min, aspiration rate of
90%, solid content of 0.8% (w/v), nitrogen flow rate of 10 mL/min, and water as solvent. Two
polymer-to-loaded MESOPAC ratios, 5:1 and 10:1, of pectin to felodipine-loaded MESOPAC
were selected to proceed with at the optimised parameters. Spray drying was conducted, with
powder yields ranging between 40 and 53%. Felodipine-loaded MESOPAC powder that is
capped with pectin was obtained and subjected to colonic drug release studies to study the
ability of the pectin as a colon-degradable polysaccharide in protecting the drug load
throughout the upper GIT.

Table 4.1. The effect of varying spray drying parameters on the yield of pectin powder

Inlet temperature (°C) Yield (%)
135 42.4
165 46.7
180 40.7

Feed flow rate (mL/min) Yield (%)
1 25.5
2.5 46.7
5 274

Solid content (%) Yield (%)
0.8 46.7
1.5 38.6
3 33.6

Aspirator rate (%) Yield (%)
70 24.4
80 31.3
90 46.7

In addition to spray drying, physical blending of pectin with drug-loaded MESOPAC was
attempted for comparative purposes. Physical mixtures present with versatile applications as
the cost of fabricating new polymers to meet the desired formulation outcomes is extensively
high. Hence, the drug release characteristics can be easily tuned by varying the blend ratio,
with each blend contributing to a distinct overall performance (Silva et al, 2009). For example,
dissolution enhancement was seen with a physical mixture over raw drug that was dependent
on the polymer’s choice and the polymer-to-drug blend ratio (Chokshi et al., 2007). This
suggested that a physical mixture can still be valid as an alternative to other strategies to
design a targeted delivery system through precise polymer selection. The concept of blending
different polymers was also extended for site-specific delivery. Silva and colleagues (2009)
produced tablets composed of physical blends of two starch-grafted copolymers at several
ratios for colon-specific delivery. In light of this, physical mixtures of MESOPAC and pectin

were created for colon-targeted delivery.
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4.3.2. In Vitro Drug Release of Pectin-based MESOPAC for Colon-targeted Delivery

In developing a colon-specific drug formulation, dissolution studies under conditions that
mimic the gastrointestinal environment are very crucial. These studies help ensure minimal
drug release in the upper gastrointestinal tract while maximising release in the colon. They
also assess the formulation’s ability to withstand the different pH conditions along the
gastrointestinal tract. For that reason, experimental studies proceeded with subjecting the two
formulations of varying pectin-to-drug-loaded MESOPAC ratio to dissolution studies in two
media. One was the acidic environment with a pH of 1.2 to mimic the gastric region and the
other was that with a pH of 6.5 to represent the small intestinal environment. Figure 4.1 depicts
the dissolution profiles of the spray-dried 5:1 and 10:1 formulations in addition to the physical
mixture of pectin and drug-loaded MESOPAC at a ratio of 10:1 over a period of six hours,

representing the expected time for a formulation to travel down the upper GIT.
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Figure 4.1. Release profiles of felodipine from spray-dried and physically blended pectin and loaded
MESOPAC formulations in media simulating the upper GIT. [Testing conditions: 0.1 N HCL with 1%
SLS for gastric medium; phosphate buffer pH 6.5 + 1% SLS for small intestinal region, 30 mL with mini

vessel, mini paddle, 50 rom]. A single capsule was used for the test and transferred between media.

It appears that the drug release in acid was very minimal with all drug-loaded MESOPAC with
pectin formulations, suggesting the successful retardation of premature release in the acidic
environment of the stomach. Contrary to expectations, the release of felodipine exceeded
41.32%, regardless of the preparation technique, when subjected to intestinal environment.
With spray-dried formulations, the release was measured as 44.72% and 54.0% with 5:1 and
10:1 ratios, respectively, by the end of the sixth hour at a pH of 6.5. Unfortunately, these

percentages indicated that a substantial amount of the dose was released in the small intestine
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prior to reaching the colon, which rendered the drug-loaded MESOPAC capped with pectin
unsuitable for colon-specific targeting. Both physically mixing the carrier with pectin or spray
drying them together, proved inadequate for colon-specific delivery at the specified ratios.
One possible reason for the stability of the pectin-coated MESOPAC in the gastric
environment is the characteristic gelation of HMPs at low pH values. This gelling capacity
forms a barrier against drug release. According to Khotimchenko (2020), pectin gels tend to
be stable in acidic environments. However, as the pH shifts towards more neutral pH values
as that of the small intestine, the gel loses its stability and viscosity (Khotimchenko, 2020).
Figure 4.2 illustrates the gelling behaviour of pectin-capped MESOPAC and demonstrates
the loss of this characteristic as the pH shifts to that of the small intestine over time. It can be
seen that pectin swelled over a period of two hours in medium simulating the stomach.
Nevertheless, the swellable plug decreased in size in the small intestinal conditions,
suggesting the dissolution of pectin and accounting for the observed turbidity of the system.
This visual observation correlated with the high drug release percentages reported earlier in
regions prior to the colon.

Altogether, these results suggested that pectin-coated MESOPAC cannot withstand the
journey to the colon without exposing their drug load. Thus, the results indicated that further
modification was needed to minimise upper GIT release. The findings discussed above align
with those of Ribeiro et al. (2014), who investigated the colonic delivery of 5-aminosalicylic
acid (5-ASA) using pectin-coated chitosan beads. Part of their research investigated pectin
beads encapsulating either the pure drug or intercalated form with layered double hydroxide.
The release of 5-ASA from pectin-based beads, regardless of how the drug was incorporated,
did not exceed 10% when exposed to the acidic medium simulating the stomach. Conversely,
when the formulations were exposed to higher pH values, both demonstrated increased drug
release; however, the release from pectin beads containing the pure form of the drug was
much higher than that from inorganic matrix, since diffusion from the matrix hindered the drug
release and required additional time. Their work supported our findings, as it reinforced the
protective role of pectin in acidic media but raised concerns about premature drug release due
to pectin’s solubility in conditions that represent the small intestine (Ribeiro et al., 2014).
Similar findings were reported by Vaidya et al. (2009), who studied the potential of pectin
microspheres harbouring metronidazole for colonic delivery. The system showed promising
results with regards to minimising early drug release if coated with acid-resistant material such
as Eudragit. But, it would otherwise release almost the entire dose before reaching the colon.
In addition, Turkoglu & Ugurlu (2002) found that applying pectin alone as a compression
coating around 5-ASA tablets was not sufficient to hamper drug release in the upper GIT. They

also found that HPMC was needed to manipulate the solubility of pectin. Together, these
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results further emphasised the need to modify pectin when it is intended for colon-specific

applications.

Acid

(Gastric environment)

Buffer

(Small intestinal
environment)

Figure 4.2. The stages of spray-dried, pectin-based formulation of MESOPAC (ratio: 10:1) as it swells
and forms a plug in acidic medium but dissolves and loses stability in the conditions representing the
small intestine, causing premature drug release before reaching the colon

Doubts then surrounded our choice of pectin and questioned its use with MESOPAC if
previous work in literature had revealed premature drug release with pectin for colon-targeted
delivery. However, one can argue that pectin’s resistance to degradation by enzymes present
in upper GIT and ability to reach the colon intact, where it becomes susceptible to selective
microbial degradation, is a pivotal characteristic that overlooks any inherent, modifiable flaws
(Khotimchenko, 2020).

Moreover, of the different pectin types, HMP was selected over low-methoxy pectin because
it showed reduced water solubility. Hence, it might be beneficial in minimising upper GIT
release (Jacob et al.,, 2020). From this perspective, it was a common act in literature to
combine pectin with other polymers as matrix agents or coat-forming materials in an attempt
to reduce its water solubility and generate a long-lasting barrier to drug release (Moutaharrik
et al., 2024). In fact, the incorporation of insoluble polymers, such as ethyl cellulose, was
frequently employed with pectin-based formulations and showed delayed drug release onset
in upper GIT but promoted release specifically in the colon upon exposure to microbes (Bose
et al., 2014; Wakerly et al., 1996; Wakerly et al., 1997; Wei et al., 2007). It was found that
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when combining pectin with insoluble polymers, the ratio of one polymer to another
manipulated the percentage of drug released. Therefore, combining pectin with MESOPAC,
a form of cellulose, was hypothesised to minimise premature drug release. Moreover, the rate
at which pectin hydrates in aqueous fluids was of importance as it affected the degree of
swelling, which in turn impacted drug release (Wakerly et al., 1997). HPMC, chitosan, and
Kollicoat are other examples of polymers integrated into pectic formulations to achieve colon-
specific targeting (Moutaharrik et al., 2024; Turkoglu & Ugurlu, 2002; Wei et al., 2007; Zhu et
al., 2019). Together, these data highlighted pectin’s potential for colonic delivery through
careful combination with other additives or through technical processing. Otherwise, early drug
release would be an issue; thus, alternative polysaccharides, such as guar gum, were

explored.

4.3.3. Investigating Guar Gum as a Potential Polymer for Colon-targeted Delivery

The quest to find a polymer that retards upper GIT release but is susceptible to colonic
microbial degradation kept ongoing despite the early premature release observed with pectin
during the preliminary analysis. Guar gum is another polysaccharide that has been widely
explored for colon-targeted delivery in compression-coated tablets, nano- and microcarriers,
matrices, and hydrogels (Gong et al., 2024b). Its ability to swell and subsequently gel when in
contact with an aqueous environment, in addition to its degradation by colonic enzymes, make
it an appealing choice for colon-specific applications.

Like pectin, however, guar gum hydrates in water to form a viscous dispersion with gel-like
consistency (Prabaharan, 2011). This feature is assumed to help minimise premature drug
release. However, uncontrolled rate of hydration or extensive swelling might impair its
performance and lead to rapid drug release outside the targeted region (Manna et al., 2024;
Gong et al., 2024b). Careful design of the colon-specific formulation helps in overcoming this
limitation by selecting the appropriate proportion of guar gum, adjusting its viscosity, or
combining and modifying it with other materials (Krishnaiah et al., 2001; Manna et al., 2024).
It is because of guar gum’s swelling and hydration that solubilising it in water as a solvent is
challenging. Like pectin, guar gum is not soluble in many organic solvents such as alcohols

and esters; hence, water was selected among all (Sharma et al., 2018).

4.3.3.1. Spray Drying of Guar Gum

Guar gum dispersions in cold water at four different concentrations (0.4, 0.8, 1 and 2% (w/v))
were trialled. As the concentration of guar gum increased, the dispersion became very
viscous. Highly concentrated dispersions (1% and 2% (w/v)) exhibited a gel-like consistency
that was either not pumpable or not sprayable through the spray dryer even after full hydration

of the gum. Similarly, Ravichandran et al. (2012) attempted to encapsulate Betalains with guar
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gum via spray drying, but the dispersion was highly viscous and consequently not sprayable.
In the present study, the concentration was reduced to 0.8% (w/v) or lower, whereby the
system was dispersed with minimal lumps using a homogeniser as reported by Tripathi et al.
(2019). Low concentration dispersions were of visually accepted consistency and were,
therefore, subjected to spray drying. This step aimed to study the behaviour of blank guar gum
upon spray drying before initiating the capping trials of MESOPAC with guar gum for colon-
specific delivery. As high guar gum concentrations were ruled out, it became evident that any
concentration of 0.8% (w/v) or below could be sprayed and pumped. This justifies the choice
to proceed with dispersions containing 0.8% (w/v) of guar gum or less.

The trials discussed above were part of very early investigations to determine the sprayability
and pumpability of guar gum dispersions rather than to analyse the efficiency of the process.
It was essential at this point to progress to more solid investigations by spray drying guar gum
dispersions with drug-loaded MESOPAC to assess the potential of designing a colon-targeted
system via spray drying. A dispersion of guar gum in cold water was created at 0.4% (w/v)
using a homogeniser, to which drug-loaded MESOPAC was added. The guar gum-to-
MESOPAC ratio was set at 5:1, resulting in a solid content of 0.48% (w/v). Initially, spray
drying was conducted at an inlet temperature of 120°C to ensure effective droplet drying which
happens above the boiling point of the solvent. The choice of this temperature range for the
drying gas was supported by the work of Cheow and colleagues (2010). In their paper, it can
be implicitly elucidated that a temperature range of 120-140°C was selected to ensure
sufficient water evaporation (Cheow et al., 2010). However, in this chapter, visual inspection
revealed two important observations regarding the efficiency of the process. First was the
detection of residual droplets on the chamber, indicating suboptimal drying at the specified
drying temperature. Second was the absence of powder yield. These findings could be
explained by the need of higher drying temperature to achieve complete moisture removal and
water evaporation. This would ultimately increase the powder yield. In addition, the findings
implied that the solid content might be too low to achieve adequate powder yield. According
to Ousset et al. (2018), the solute concentration in a spray drying feed should ideally be set at
2% (w/v) or more to obtain satisfactory powder yield. However, this concentration was not
feasible due to restrictions imparted by the viscosity of the dispersions.

To maximise the yield, several spray drying parameters required further optimisation, since
changing the type of solvent or increasing the inlet temperature, solid concentration, and
drying gas flow can affect the yield positively (Buchi UK Ltd, 2025). The influence of feed flow
rate on the powder yield, on the other hand, may vary. It is important to note that replacing
water with an organic solvent was not possible because guar gum would precipitate.
Moreover, the drying gas flow was already set at maximum. Inlet temperature, feed flow rate,

and solid concentration were therefore identified as variables to be modified in the pursuit of
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enhanced powder recovery. Inlet temperatures higher than 120°C, namely 165 and 180°C,
were selected in addition to increasing the solid concentration in the feed dispersion to 1 and
1.6% (w/v). The feed flow rate was varied between 2.5 and 5 mL/min. The ratio of guar gum-
to-MESOPAC was also adjusted to 1:1. It is noteworthy to mention that the concentration of
guar gum upon dispersion in cold water was still maintained within the sprayable range that
was identified earlier (0.8% (w/v) or less). Table 4.2 summarises the results of these
preliminary investigations of spray drying guar gum with drug-loaded MESOPAC for colon

delivery.

Table 4.2. Percentage of powder recovery obtained when spray drying parameters were altered as a
function of inlet temperature, solid concentration, feed flow rate, and guar gum concentration

a. Feed flow rate= 5 mL/min

Inlet Guar gum concentration Solid concentration of Powder recovery
temperature in cold water dispersion guar gum and drug- (%)

(°C) (Yowl/v) loaded MESOPAC in the

feed (%wl/v)

165 0.5 1 5

165 0.8 1.6 1.04

180 0.5 1 5.3

180 0.8 1.6 0

b. Feed flow rate= 2.5 mL/min

Inlet Guar gum concentration Solid concentration of Powder recovery
temperature in cold water dispersion guar gum and drug- (%)

(°C) (Yow/v) loaded MESOPAC in the

feed (%wl/v)

165 0.5 1 9

165 0.8 1.6 3.2

180 0.5 1 7.2

180 0.8 1.6 23

Although triplicate analyses were not conducted for these preliminary investigations due to
limited material availability, some trends can still be drawn. Comparing the two flow rates, it
seemed that the lower feed flow rate of 2.5 mL/min resulted in slightly higher powder recovery
in general. This could be attributed to the viscosity of the dispersion being sprayed. When
spray drying viscous feed samples, such as those containing guar gum, higher flow rates
tended to produce larger droplets. This compromised heat and mass transfer during the
process and negatively impacted powder recovery, as similarly reported with viscous solutions
of date fruit extracts embedded in Arabic gum and maltodextrin (Arumugham et al., 2023).

A common expectation is to observe an increased powder recovery with an increase in solid
concentration (Tontul and Topuz, 2017). The findings inferred from Table 4.2 revealed the
contrary to what is expected. As both, the guar gum concentration and general solid content
within the feed dispersion, increased, a drop in the yield was noticed, regardless of the drying

temperature or the feed flow rate. Viscosity, again, plays a major role in explaining the reason
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behind this decrease in yield. Guar gum dispersions were highly viscous, and their viscosity
increased with higher solid concentrations, as demonstrated visually. Viscous dispersions
tended to generate large droplets that required more energy and time to dry. These droplets
were more likely to deposit on the chamber walls due to insufficient drying and could not be
efficiently separated by the cyclone, resulting in minimal powder recovery (Ribeiro et al., 2024;
Klein et al., 2015).

The third trend to be elucidated from Table 4.2 is related to the effect of inlet temperature on
the yield whilst keeping the solid concentrations and feed flow rates constant. The effect of
the drying temperature was very marginal; yet, it can be seen that higher drying temperatures
(i.e. 180°C) were associated with a reduction in powder recovery. Exceeding the glass
transition temperature of MESOPAC and the melting temperature of felodipine were
possible reasons behind the decline in the yield. [redacted] ... felodipine undergoes
melting at 146.0°C (Le et al., 2019). Spray drying above these temperatures resulted in
sticky droplets that caused a decline in the yield.

In a broad sense, Table 4.2 implies that spray drying is not a viable technique to
generate guar gum-capped MESOPAC for colon-specific delivery, since the powder
recovery does not meet the required standards. The efficiency of performance was
compromised by the viscosity of the dispersion, leading to the loss of the
polysaccharide throughout the process, as previously reported elsewhere (Ravichnadran
et al., 2014; Tripathi 2022). It was then deemed necessary to adopt another method to

design the guar gum-based colonic system.

4.3.3.2. Oven Drying of Guar Gum

Oven drying was attempted as an alternative technique to dry the guar gum dispersion. Guar
gum was dispersed in cold water using a homogeniser at two concentrations, 0.4 and 0.8%
(w/v). Drying under vacuum was attempted at a pressure of 600 mbar for two hours. The
drying temperature was set at 50, 100, and 120°C. Results showed that no evaporation of the
solvent was detected at the lowest drying temperature. Nevertheless, minor solvent drying of
about 15 and 20 mL was noted at 100 and 120°C, respectively. It was less likely that the
dispersion would dry and be of acceptable texture under these conditions given the very slow
evaporation rate. In fact, it likely exhibited the morphological features of dehydrated guar gum

gel after solvent removal via external heat and stirring as depicted in Figure 4.3.
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Figure 4.3. Dried guar gum gel after solvent removal whilst being heated and stirred

4.3.3.3. Physical Mixture of Guar Gum and Felodipine-loaded MESOPAC

After evaluating different processes, the transition to another method of preparation that
ensures adequate gelling of guar gum within the specified environments was required. As with
pectin, the simplest method was a physical blend of guar gum with drug-loaded MESOPAC,
which provided a simple yet an effective approach that was worth exploring. It was
hypothesised that the gel plug formed upon the hydration of guar gum in aqueous
environments would hinder and delay drug release. It should also create a lag period prior to
reaching the colon, with the thickness of the plug controlling the rate of hydration and drug
release (Krishnaiah et al., 1998; Krishnaiah et al., 2002).

Initially, three blend ratios of guar gum-to-MESOPAC formulation, at 3:1, 5:1, and 10:1
respectively, were prepared as stated in section 4.2.4. These ratios represented varying
compositions to evaluate the effect of different guar gum mass on the release properties. The
different formulations were subjected to dissolution studies in media simulating the stomach,
small intestine, and colon. The latter was conducted under the presence and absence of
enzymes that breakdown guar gum to trigger drug release specifically within the colonic
region. Figure 4.4 summarises the data of the preliminary colonic release studies.

From a broad perspective, the prevailing trend observed with all ratios aligned with the core
concept of colonic delivery, whereby the drug release was kept to low levels in physiological
environment of the stomach and small intestine but rose specifically in the colon under the
presence of enzymes. In upper GIT, the suppression of release seemed to depend on the
proportion of guar gum within the formulation, with 3:1 composition showing the highest
release in upper GIT release overall at an average of 11.53 £ 5.10%, versus 6.38 + 0.57%
and 3.23 1+ 0.13% for 5:1 and 10:1 guar gum-coated MESOPAC, respectively. Such a finding
was reliable because the higher the guar gum content in the formulation, the thicker the plug
becomes. This thickness prolongs the hydration time needed, restricting drug release in upper
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Release (%

GIT, as seen with 10:1 MESOPAC formulation. Once the formulations reach the colon, the
plugs become susceptible to enzymatic degradation, accounting for the higher release
percentages in the colon compared to the stomach and small intestine. It is, again, that the
proportion of guar gum was a key determinant of release behaviour even in the presence of
enzymes. According to Krishnaiah et al. (1998), varying guar gum coating thickness impacted
the release of the drug, with 200 mg coat thickness achieving only around 7.87% release after
26 hours. It was shown that when coat thickness was reduced to 125 mg, the release was
suppressed in the stomach and small intestine but allowed 92.49% of the drug to be released
upon complete degradation of the guar gum coat by colonic enzymes. The diagram below
conveys a similar idea, such that the highest release in the colon was achieved with 3:1
MESOPAC formulations when compared to other ratios because it was easily accessible by

enzymes due to little guar gum present.
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Figure 4.4. Drug release profiles of physical mixture of guar gum with felodipine-loaded MESOPAC in
media simulating upper GIT and colon [Testing conditions: 0.1 N HCL + 1% SLS for gastric environment;
phosphate buffer pH 6.5 + 1% SLS for small intestinal environment; phosphate buffer pH 7.4 + 1% SLS
for colonic environment with and without B-mannanase and a-galactosidase; 30 mL with mini vessels
and mini paddle, 50 rpom)

A closer look at the individual categories, each segment alone, revealed that across all guar
gum-to-loaded MESOPAC ratios, a noticeable difference can be seen between the presence
and absence of enzymes in the colonic region. For example, the release jumped from 7.55%
when no enzymes were present to 29.96% when subjected to the activity of two enzymes with
10:1 ratio. This difference was, however, less prominent with 3:1 loaded MESOPAC as the
release was quite similar in the medium without enzyme compared to that with one enzyme
(31.63% versus 29.27%, respectively). In general terms, this indicated the susceptibility of the
formulation to enzymatic-induced drug release. But, one possible reason for the decreased
susceptibility observed with 3:1 loaded-MESOPAC when investigated under the absence of

enzymes or one enzyme is the small amount of guar gum present with respect to MESOPAC.
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The amount of guar gum added might not be high enough for the enzyme to demonstrate its
full range of activity in digesting the plug in a sense that could induce a noticeable difference
in drug release between its absence and presence. In other words, when the enzyme’s
substrate is not abundant, the effect of plug digestion cannot be translated to an observable
difference in release.

As a general principle, it is, however, important to note that the difference in release
percentage of felodipine from guar gum-based MESOPAC between the different formulations
within the colon was marginal. Surprisingly, the release percentages were confined to be
within or around the 30% range upon the addition of two enzymes. The drug-loaded
formulations at all coating ratios were able to retain microbial sensitivity and digestion-induced
drug release within the colon but up to ~39% at most. A balance between minimal premature
drug release and accelerated release in colonic environment is the ultimate goal of any colon-
specific formulation. From Figure 4.4, it was evident that the 5:1 formulation achieved this
balance, keeping drug release in upper GIT below 10% while showing moderate drug release
in the colon. The other two ratios either showed lower release in the colon such as with 10:1
coated MESOPAC loaded with drug or exhibited higher upper GIT release as it was the case
with 3:1 sample. The decision to only run 5:1 MESOPAC formulation in triplicate was justified
by this balance to ensure the robustness of performance and to preserve the enzymes in hand.
Yet, the absence of triplicate analysis with the others did not diminish the validity of the results
as the figure still outlined key findings. But, it also raised concerns regarding the low overall

drug release in the colon.

To address this dilemma, several options were explored. One key strategy to maximise the
drug release within the colon was to optimise the conditions within the small volume dissolution
setup such that the release profile becomes comparable to that of a standard compendial
setting. During the process of drug development, dissolution testing is a routine requirement
to assess product quality, where USP testing conditions and apparatuses are the preferred
options (Scheubel et al., 2010). One of these testing conditions is the rotatable paddle fitted
into a one-litre vessel, typically referred to as USP 2 method (Wang et al., 2018). Despite
being universal and standardised, these widely recognised apparatuses have limitations. They
usually demand large volumes of dissolution media and large amounts of materials and
samples, which might be costly or may not be readily available during the early stages of
product development (Klein & Shah, 2008). The shift to miniaturised vessels and paddle
systems would then be reasonable to preserve the materials. For example, the use of
miniaturised dissolution equipment was reported in cases where novel or low-dose molecules,
low analytical sensitivity, or scarcity of materials hinder the practical analysis in the

standardised large dissolution equipment (Scheubel et al., 2010; Wang et al., 2018). However,
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an element to factor in is the variation in hydrodynamic conditions between the two settings.
According to Klein & Shah (2008), it is important to maintain appropriate hydrodynamics when
scaling down to the mini paddle setup to extend the reliability and reproducibility established
with the large dissolution vessels, since hydrodynamics significantly affect the dissolution of
the API (Klein & Shah, 2008). Therefore, the decision to use the miniaturised dissolution
system in this chapter was driven by the amount of enzymes available in hand for simulating
the colonic stage and by the cost as well as scarcity of the PROTAC molecule to be delivered
to the colon. A similar attempt was made by Giusti (2021), who used the mini dissolution
apparatus to preserve the enzymes used for colon targeting purposes. Scaling down to the
mini paddle system was hence necessary yet consideration needed to be given to the
hydrodynamic conditions.

In fact, compendial systems’ configuration and dimensions vary slightly between suppliers,
accounting for minor differences in release. Also, small volume dissolution apparatuses lack
standardised performance verification tests (Klein & Shah, 2008; Scheubel et al., 2010). With
that in mind, dissolution testing using the miniatured setup should be tailored to each
investigation individually, and scaling down is more complex than expected (Scheubel et al.,
2010). Hence, the dissolution profiles between the two settings might not be comparable
unless a comparative analysis is performed to establish a correlation between the two (Klein
& Shah, 2008). The low overall drug release observed earlier in the colonic region might
actually be due to the adopted small dissolution vessel setup and the effect of stirring speeds
on the release. Before proceeding with further colon-targeted dissolution studies, it became
evident to investigate this and attempt to establish a correlation between the standardised and
miniatured dissolution settings to achieve comparable drug release profiles. The aim was to
identify the conditions, namely the speed of the rotating paddle, that would achieve similar
drug release results between the two settings and that would maximise the release in the

colon.

4.3.3.4. Establishing a Correlation in Drug Release Between Standard USP Paddle
Apparatus and Small-volume Dissolution Vessels

The main reason behind the low overall colon release seen with previous trials was most likely
ascribed to differences in hydrodynamics between the dissolution settings. One might also
wonder whether MESOPAC is releasing the drug load in the first place. If the drug release
from the carrier was originally incomplete, this is then another possible reason for the low
overall release. To solve these controversies, dissolution studies of felodipine-loaded
MESOPAC without the effect of guar gum were conducted in standard USP equipment. To
compare the release percentages, dissolution studies were similarly performed using the

miniaturised setup whilst varying the rotation speed to be at 50, 150, and 200 rpm. This

S.J. Alshatti, PhD Thesis, Aston University 2025 159



variation in speed was attempted to identify which rotational speed would achieve a similar
performance to that of a standardised USP vessel. It is important to note that the same
theoretical drug concentration was maintained between the two so that conditions were kept
constant for comparative purposes. The dissolution profiles of felodipine-loaded MESOPAC
in phosphate buffer pH 6.5 with 1% (w/v) SLS performed in large volume standardised vessels

and in the miniaturised adaptations are presented in Figure 4.5.

Figure 4.5. [redacted]

The dissolution enhancement effect of MESOPAC for poorly soluble drugs can still be seen
in both vessel settings, with dissolution of the drug within MESOPAC formulation surpassing
that

of the raw form (p-value <0.05). The amount of drug released, however, varied depending
on the type of the vessel. With raw felodipine, there was a significant difference between
agitation speed of 50 rpm and 150 rpm in the miniaturised vessel setup (p-value <0.05),
highlighting

the effect of speed on drug release. On the contrary, the release of raw drug was
comparable between the two setups when a speed of 150 rpm was used in the small-
volume setting (p-

value > 0.05). This indicated that a higher speed in the small vessel achieved a
similar dissolution profile to that of a compendial setup when raw drug was analysed.

[following paragraph redacted]
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It can be said that the release within the small vessel setup was highly dependent on
the speed and was greatly influenced by hydrodynamic conditions. The incomplete
release at paddle rotation of 50 rpm can be explained by a phenomenon referred to as
“coning” that was observed upon visual inspection of the process, whereby materials
accumulated at the bottom of the vessel just under the paddle in the form of a pile
(Hellberg et al., 2021; Legace et al, 2004). Figure 4.6 visually illustrates the coning
phenomenon observed at low speeds in small volume vessels. In fact, coning becomes
more prominent when a combination of poorly soluble drugs and low rotational speeds
are present, which was the case with the previous investigations conducted herein
(Hellberg et al., 2021). This phenomenon was a consequence of poor hydrodynamics that
resulted in suboptimal agitation within the vessel, leading to incomplete dissolution and
affecting the release profile (Hellberg et al., 2021; Legace et al., 2004).

Figure 4.6. a) Coning phenomenon observed with felodipine-loaded MESOPAC in small vessels with
50 rpom at 60 minutes into the test b) Absence of coning when the speed was adjusted to 150 rom at
120 minutes

One way to overcome the coning effect is to adjust the paddle rotation speed; increasing the
speed generates greater turbulence within the vessel that provides enough force to distribute
the powder more uniformly (Hellberg et al., 2021; Legace et al., 2004). The work presented
by Klein (2006) clearly showcased the effect of coning on the release of several drugs. In all
cases, a speed of 50 rpm in the miniaturised setup repeatedly revealed poor correlation with
the large vessel profiles, accounting for lower rates of dissolution. An increment in the speed
up to 75/100 rpom was needed with all tested drugs to match the release profiles obtained at
75 rpm with the standard compendial vessels (Klein, 2006). Similarly, Scheubel and co-

workers (2010) concluded that the paddle speed is to be factored in when transferring
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dissolution testing from compendial to small-volume vessels to ensure similarity in release. A
speed of 125 rpm in the small-volume vessel was found to be equivalent to 50 rpm in standard
equipment for immediate release tablets. Further supporting the research discussed above,
Legace et al. (2004) reported high variability in results at a paddle speed of 50 rpm; when the
speed was increased to 75 rpm, coning effect was eliminated leading to more robust findings.
During the process of matching the release profiles between the two setups, Figure 4.5
reveals that a paddle rotation speed of 50 rpm in the mini vessel adaptation was always inferior
to that of the large vessel, with both the raw form and the loaded MESOPAC. This
demonstrated minimal and highly variable release, which could be justified to some extent by
the coning phenomenon. As the paddle speed was increased from 50 rpm to 150 and 200 rpm
with the MESOPAC formulation, coning was eliminated, resulting in better hydrodynamics and
improved reproducibility. This was evidenced by reduced variability, as indicated by narrower
error bars. Although the increase in speed was meant to stretch the release as far as possible
to meet that of the large-volume vessel, full overlap was not possible. The release data
extrapolation was close enough but not fully superimposable, and further optimisation is
required in the future.

Reflecting back to Figure 4.4 that summarises the preliminary studies of physical blends of
guar gum with MESOPAC, it seems by now that the low paddle speed of 50 rpm was
responsible for low overall colon release that was capped at 39% at most regardless of the
ratio used. Rather than just defaulting to the low speed often implemented with large-volume
vessels, it became evident to adjust the speed to 150 rpm to achieve a profile that is as similar
as possible to that of compendial setup. The increment to 150 rpm rather than 200 rpm was
justified by the similarity between two speeds (p-value > 0.05) and further driven by literature,
where researchers commonly adhered to 150 rpm at most (Hellberg et al., 2021; Klein, 2006;
Klein & Shah, 2008; Scheubel et al., 2010). It was, thus, assumed that increasing the speed
for colonic dissolution studies conducted in mini vessels to 150 rpm would result in enhanced
distribution of the drug within the vessel, enough to discriminate between the effect of different

guar gum ratios on drug release in a similar manner as would a compendial setup.

4.3.3.5. In Vitro Drug Release of Guar Gum-based MESOPAC Formulations for Colon-
targeted Delivery

The in vitro dissolution of felodipine from MESOPAC physically blended with guar gum was
resumed for colon targeting, with an adjusted paddle rotation speed as per the method
development above (section 4.3.3.4). An agitation speed of 150 rpm was expected to achieve
a release profile in simulated media utilising mini vessel close enough to that of a compendial
setup. Three pre-determined ratios of guar gum-to-drug-loaded MESOPAC, which were 3:1,
5:1, and 10:1, respectively, were studied. The drug-loaded MESOPAC at different coating
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ratios were studied in pH environments that simulate the upper GIT and colon. Medium with
the latter was spiked with enzymes that tend to hydrolyse guar gum to allow drug release. The
formulation was also studied in enzyme-free medium to serve as the control analysis. As a
second supplementary control, felodipine-loaded MESOPAC without guar gum was studied in
environments mimicking upper GIT and colon (Appendix B).

While the individual release percentages at different time points with the supplementary
control (drug-loaded MESOPAC without guar gum) seemed highly variable, a general pattern
that shows high felodipine release across all regions was noticed. This highlighted the role of
guar gum in controlling the drug release, providing a targeted delivery to the colon.

It is, however, the variability within the data points of the supplementary control that needed
to be addressed. The research conducted by Scheubel et al. (2010) proposed an explanation
for such a variation. Their work clearly highlighted how formulations with different release
mechanisms exhibit varying sensitivity to hydrodynamic conditions in miniaturised dissolution
vessels.

According to Scheubel et al. (2010), immediate release formulations showed dependency on
vessel hydrodynamics when compared to extended-release formulations. With the former, the
dissolution rate is somewhat controlled by the rate of medium renewal around the dosage
form, which is a consequence of optimal hydrodynamics. On the other hand, extended-release
formulations are affected more by the formulation design or, in other words, the built-in
mechanisms such as diffusion or erosion and are less likely to be limited by the renewal rate
of medium surrounding it and vessel hydrodynamics (Scheubel et al., 2010).

MESOPAC displays a controlled release mechanism via diffusion from the pores and
maintains this mechanism even after the addition of guar gum. So, both forms are classified
as extended-release formulations. According to the discussion above, they should less likely
be affected by the hydrodynamic conditions of the mini vessel. This stability was somewhat
demonstrated with guar gum-containing samples and was reflected as consistent and
reproducible release percentages (as discussed below). The release seemed to be dependent
on diffusion from the pores, and the guar gum plug added an additional barrier. This diffusional
complexity made the loaded MESOPAC formulation with guar gum highly dependent on
diffusion through the pores and polysaccharide digestion instead of the surrounding
hydrodynamic conditions. In contrast, despite being a form of controlled release, uncoated
MESOPAC showed high variability in release data points. With the absence of the additional
diffusional barrier of guar gum, the rate limiting step was likely diffusion from the pores only,
which became more sensitive to the surrounding hydrodynamics in the small-volume setup.
Diffusion, as a rate limiting step, was dominating but the deviation in release could be
exacerbated by a greater degree of dependency on vessel hydrodynamics with the uncoated

MESOPAC. Although both were less likely to depend on the rate of renewal of surrounding
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media and hydrodynamic conditions for drug release compared to other types of formulations,
one demonstrated greater sensitivity to the surrounding conditions in the miniaturised vessel

compared to the other, accounting for the differences in reproducibility.

4.3.3.5.1. In Vitro Dissolution of Guar Gum-coated MESOPAC in Upper GIT

Figure 4.7 reveals the release data of felodipine from guar gum-coated MESOPAC at different
ratios, medium conditions, and enzyme levels. Two general trends could be captured, whereby
the release in upper GIT was minimal but increased in the colon upon the introduction of
enzymes. It is desired for formulations targeted to the colon to ideally release less than 10%
of the drug within the first five hours of the journey before reaching the colon (Kumar et al.,
2020). In our work, the drug release in upper GIT was retarded and kept to a quite low level
of <11% at all ratios, despite an increased agitational speed of 150 rpm. This indicated that
the release was hindered by the swelling of guar gum as it got in contact with the dissolution
medium. This swelling resulted in the formation of a viscous gel layer that retarded drug
release, depending on the proportion of guar gum within the formulation and how quickly it
hydrated (Krishnaiah et al., 2002).

Moreover, it was anticipated that the release percentages in the stomach and small intestine
would be nearly similar across the enzymatic subdivisions of each ratio. This was due to their
identical composition. Any difference in behaviour was anticipated to emerge only at later
stages, when the effect of the enzyme became active. MESOPAC with guar gum achieved
this equivalency across all ratios that is evident by the narrow error bars within each
subdivision. Also, it achieved a suppressed release at an average of 10.06 + 4.87%, 7.74 +
2.67% and 5.52 + 2.25% with 3:1, 5:1, and 10:1 MESOPAC formulations, respectively.
Collectively, none of these values exceeded the generally accepted level that is to be
maintained in upper GIT as stated earlier. In addition, increasing the proportion of guar gum
within the formulation did not contribute to any difference in release in the upper GIT. This
indicated that the formulations were able to withstand the journey in the upper GIT without

releasing much of their drug load.
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Figure 4.7. Cumulative release percentages of felodipine from guar gum-based MESOPAC in media
simulating the upper GIT and the colon with absence and presence of enzymes at guar gum-to-loaded
MESOPAC ratios of 3:1, 5:1, and 10:1 (Data are presented as Mean + SD. Testing conditions: 0.1 N
HCL + 1% (w/v) SLS for gastric environment; phosphate buffer pH 6.5 + 1% (w/v) SLS for small
intestinal environment; phosphate buffer pH 7.4 + 1% (w/v) SLS for colonic environment with and
without B-mannanase and a-Galactosidase; 30 mL with miniaturised adapted version, 150 rom) [ns=
not significant; **= P-value <0.01; ***= P-value <0.001]

4.3.3.5.2. In Vitro Dissolution of Guar Gum-coated MESOPAC in the Colon

Building upon the findings of upper GIT release, Figure 4.7 also shows the colonic release of
felodipine from MESOPAC coated with guar gum. Key trends that significantly impacted the
colonic release emerged as a consequence of three factors. These factors were the paddle

speed, enzymatic status of the medium, and ratio of guar gum-to-loaded MESOPAC.

a. Effect of Paddle Rotation Speed on Drug Release in the Colon

Earlier in this chapter, the release profiles of guar gum-based MESOPAC loaded with
felodipine exhibited low drug release at the end of dissolution testing in the colon. This was
ascribed to slow paddle rotation that necessitated increment to 150 rpm due to insufficient
fluid flow at the bottom of the vessel. Figure 4.4 shows the release percentages in the colon
at 50 rpm while Figure 4.7 presents those at 150 rpm. In general, a faster speed was
associated with higher release for all ratios except for 3:1. For example, for the drug-loaded
MESOPAC that is coated with guar gum at a 5:1 coating ratio, the release at the end of the
colonic stage revealed an increase from 33.00 £ 6.11% at 50 rpm to 60.68 + 10.57% at 150
rpm under the effect of two enzymes (p-value <0.05) (summarised in Figure 4.8). The higher
release upon increasing the speed can be explained by the improved hydrodynamic

mechanisms within mini vessels. Of all the velocities governing the flow of fluids, the circular
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flow of the dissolution fluid around the vessel, also known as tangential velocity, dominates,
displays the greatest effect on drug dissolution, and increases with increased rotation speed
(Wang & Armenante, 2016; Wang et al., 2018). As a result, the fresh fluid moves around faster,
which is critical for higher drug dissolution. Computational fluid dynamics have also shown
direct relationship between agitation speed and surrounding fluid velocity; not only tangential
velocity is influenced by higher agitation speed but also the “low-velocity region” at the bottom
of the vessel. While this dead zone cannot be completely eliminated and is typically
characterised by very minimal fluid flow, its diameter tends to decrease as the speed increases
(Johansson et al., 2017; Mirza & Liu, 2005; Wang & Armenante, 2016; Wang et al., 2018).
This reduction in diameter promotes better fluid interaction. Moreover, a higher speed
accounts for higher strain around the dosage form (i.e. guar gum plug), which is responsible
for a steeper velocity gradient and hence a faster mass transfer of dissolved drug between the
medium and the dosage form (Wang & Armenante, 2016; Wang et al., 2018). Concerning the
drug-loaded MESOPAC coated with guar gum at a 3:1 coating ratio, the reasons behind the
variability in its performance and the unexpected outcomes are discussed further below, which
mainly revolved around excessive sensitivity to hydrodynamic conditions because guar gum,

at different proportions, forces formulations to behave differently under the same environment.
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Figure 4.8. Felodipine release at the end of the colonic stage increases as the agitation speed is

increased with the guar gum-coated drug-loaded MESOPAC at a 5:1 coating ratio upon the addition of
enzymes [ns= not significant; **= P-value <0.01; ***= P-value <0.001]
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b. Effect of Guar Gum- hydrolysing Enzymes on Drug Release in the Colon

The performance of a guar gum-coated MESOPAC in the colon depends on the degradation
of the swollen gum by bacterial enzymes in the colon. As enzymes were added to the media,
the release was enhanced significantly (Figure 4.7). This pointed to the susceptibility of the
formulation to the biodegradation of colonic enzymes. Generally, the effect of enzyme addition
was noticeable with all ratios, with exception of the 3:1 samples. In the absence of enzymes,
the release reached 22.48 + 2.63% for the drug-loaded MESOPAC coated with guar gum at a
5:1 coating ratio, and 11.88 £ 2.04% for those at a 10:1 ratio by the end of the study. Upon the
addition of two enzymes to the dissolution medium, the release jumped to 60.68 + 10.57%
and 37.91 £ 5.92% with 5:1 and 10:1 samples, respectively (p-value <0.05).

On the other hand, no significant difference (p > 0.05) in drug release was observed between
the presence and absence of enzymes for drug-loaded MESOPAC coated with guar gum (5:1
ratio). One possible explanation might be that the amount of guar gum relative to MESOPAC
was too low to act as a coat that creates a noticeable difference in release upon enzyme
digestion. It might be even low enough for natural gum hydration to achieve a similar drug
release to that of a medium with enzymes. This finding highlighted the importance of
optimising the ratio of guar gum-to-drug-loaded MESOPAC to achieve the desired microbial
susceptibility and drug release within the colon.

Figure 4.9 depicts the effect of enzyme addition on guar gum’s plug at the end of the colonic
stage upon hydration with dissolution medium (at a 5:1 ratio of guar gum-to-loaded
MESOPAC). It can be seen that the swollen plug of guar gum remained intact in the absence
of any enzymes, trapping the drug-loaded MESOPAC within its swollen matrix and impeding
drug release. This correlated with the lower colonic drug release reported earlier in enzyme-
free media when compared to enzyme-containing media. Upon the introduction of enzymes,
the plug disintegrated into fragments, releasing the drug and MESOPAC particles into the
dissolution medium. This was manifested as increased turbidity within the vessel and aligned
with the higher release observed generally with the addition of enzymes.

In a similar attempt, Sawarkar et al. (2015) prepared colon-specific tablets containing 5-ASA
that were coated with guar gum through compression coating at a ratio of 1:1. Only 3.45% of
5-ASA was detected during the first six hours of the study, representing the upper GIT. In
colonic environment, nearly 80% of the drug was released, suggesting the ability of guar gum
to protect the drug load until it is acted upon by enzymes in the colon. This susceptibility to
degradation by enzymes was similarly demonstrated herein.

In another study by Chourasia and Jain (2004), the in vitro release of guar gum microspheres
containing metronidazole was investigated. Drug release was retarded in upper GIT but was
significantly enhanced reaching up to 96.24 + 4.77% when rat caecal contents after six days

of enzyme induction were introduced to the medium in contrast to 31.23 £ 1.49% when they
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were absent. This further supported our work, suggesting susceptibility of guar gum as a coat
for colonic delivery and reinforcing its degradative behaviour upon exposure to colonic

enzymes.

Mo anzyme Ona anzymae Two enzymes

Figure 4.9. The state of the swollen guar gum plug under the absence and presence of enzymes (Guar
gum: drug-loaded MESOPAC at 5:1)

c. Effect of the Ratio of Guar Gum-to-Drug-loaded MESOPAC on Drug Release in the
Colon

It is highly important to account for the ratio of the guar gum in the physical blend of a colon-
targeted delivery system. This is mainly driven by the significant effect that guar gum imparts
to the formulation with regards to controlling drug release in the upper GIT and enzymatic
susceptibility in the colon. The impact of the three guar gum-to-MESOPAC ratios on drug
release was assessed herein, representing low, medium, and high guar gum content (Figure
4.7). The 10:1 coating ratio showed incomplete drug release, capped at 37.91 £ 5.92% in the
presence of two enzymes. Although it showed susceptibility to degradation, the swollen plug
was too thick for enzymes to penetrate and induce full drug release. Figure 4.10 illustrates
the thick gel layer that was formed with the 10:1 coating ratio and remained intact even after
the full duration of the study, trapping the loaded-carrier particles. The release though in upper
GIT had the lowest mean of all. Collectively, these findings can be ascribed to the high amount
of guar gum present within the formulation that was beyond the optimal range for a balanced
behaviour. It was anticipated that reducing the content of guar gum within the formulation
would increase the percentage released in the colon because the gel barrier formed would be
thinner, facilitating the enzymatic accessibility. This was indeed the case when guar gum
content was reduced to 5:1 relative to felodipine-loaded MESOPAC. The release in the upper
GIT was slightly higher than the 10:1 drug-loaded MESOPAC coated with guar gum but was

still within the acceptable range. It was the release in the colon that showed a surge, reaching
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60.68 + 10.57% at the end of 18 hours in simulated colonic environment spiked with two
enzymes. Such a finding implied that guar gum shows a ratio-dependent behaviour that is
capable of forming coatings of varying structural integrity. The release of the drug can be
modulated by the ratio of guar gum, as seen with the investigations carried herein.

However, the formulation with 3:1 coating ratio did not behave as expected and surprisingly
displayed the lowest overall release in the colon, irrespective of the enzymatic status. The
formulation at this ratio had the lowest amount of guar gum and should have possessed the
highest drug release in colonic simulating media. This is because less guar gum produces a
thinner gel layer, which expedites drug release and does not provide a tight control. However,
this expected release profile was not observed. Instead, the drug-loaded MESOPAC coated
with guar gum at 3:1 ratio exhibited the lowest colonic release among all tested ratios. Such
an unexpected outcome could be possibly attributed to the hydrodynamics of small-volume
dissolution testing. As suggested in section 4.3.3.5, different formulations exhibit varying
sensitivities to the hydrodynamic conditions within a small vessel setup, depending on the
rate-limiting step (Scheubel et al., 2010). That rate-limiting step controlling dissolution might
be a simple diffusion process or a more complicated process that is predominantly dependent
on hydrodynamic conditions. Besides the type of formulation that defines the release
mechanism, formulations with built-in release controllers like guar gum display additional
reduced sensitivity to the surrounding environment that is controlled by hydrodynamics and
show more reproducible performance. In the case of 3:1 guar gum-coated MESOPAC, the
amount of guar gum added was not sufficiently high enough to provide a gel matrix around
MESOPAC that could provide a reliable dual-diffusion barrier. With this dual barrier not being
rigid enough, the formulation became more prone to hydrodynamic conditions in the small
volume vessels. As a result, those at a 3:1 coating ratio showed release percentages that
were surprisingly low and variable with unpredictable profile. It behaved similarly to the control
formulation without guar gum.

Meanwhile, the formulations containing higher guar gum-to-polymer ratios generated a robust
gel plug that sufficiently controlled the release via diffusion and plug degradation. The release
rate within these formulations (higher ratios) could be viewed as a function of formulation
properties instead of being regulated by hydrodynamics of the miniaturised vessel.
Consequently, the release profiles were less likely to be dependent on hydrodynamic
conditions or to be affected by the renewal rate of the surrounding media. In fact, they were
more reproducible, consistent, and reliable. The trends seen herein were corroborated by
previous studies of the influence of different guar gum proportions within a polymeric blend on
drug release (Momin & Pundarikakshudu, 2005), where low guar gum content was similarly
responsible for premature drug release up to 40%. When the amount of guar gum incorporated

was increased, better control of drug release in stomach and small intestine was achieved
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with enzymatic action of colonic bacteria demonstrated in the colon, altogether allowing for a
total drug release of 88.16%. However, as seen with the results in the present study, too high
concentrations of guar gum within the blend led to the formation of highly dense plugs that
were too rigid to be broken down by enzymes. This led to incomplete drug release over the
intended duration of the study, supporting the importance of optimising the proportion of guar
gum to achieve the desired balance between release hinderance in upper GIT and acceptable

release in the colon (Momin & Pundarikakshudu, 2005).

No enzyme

One enzyme

Two enzymes

Figure 4.10. Intact gel plugs of guar gum remaining after 18 hours in colonic media, suggesting high
amount of guar gum that cannot be degraded by enzymes

d. Concluding Remarks on Drug Release from Guar Gum-based MESOPAC for Colon-

targeted Delivery

From the dissolution testing of several guar gum-based formulations in environments
simulating the upper GIT and the colon, it can be concluded that a high speed of 150 rpm in
mini dissolution vessels addressed the challenge of incomplete release seen at lower speeds.
Although it neither achieved full release nor the exact dissolution profile of a compendial setup,
it accomplished a reasonable release towards the end of the colonic delivery period that was
comparable to felodipine-loaded MESOPAC without the controlled effect of guar gum. Exact
equivalency of release profiles with large-volume vessels and absolute drug release should
be part of future work. At this stage, the presence of enzymes confirmed the susceptibility of
the system for colonic degradation, accounting for high release compared to enzyme-free
medium (p-value <0.05). The release was significantly enhanced upon the addition of two
enzymes. It is noteworthy that the different ratios exhibited varying release profiles. Among
them, the guar gum-coated drug-loaded particles at a 5:1 coating ratio showed the best overall
performance. This included maximum colonic release, reproducible results, and acceptable

early drug release. This ratio demonstrated the balance between maintaining the integrity of
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the drug load in the upper GIT and promoting colon-specific release. Therefore, it was chosen

as the optimal formulation for colon-targeted delivery of MESOPAC.

4.3.3.6. In Vitro Release of Guar Gum-based MESOPAC for Colon-targeted Delivery of
a Model PROTAC Molecule

The collective work in this thesis introduces MESOPAC as a promising delivery technology
that is capable of accommodating complex mid-sized molecules and addresses their delivery
challenges, particularly poor solubility. It was necessary then to design a delivery system that
not only overcomes the challenges of PROTACs but also achieves targeted efficiency and
site-specific release.

With the colon becoming a favourable site for complex molecules due to the advantages
mentioned earlier, it becomes evident to investigate the colonic targeting of guar gum-based
MESOPAC that is loaded with a novel PROTAC molecule like MZ1.

As a control sample, MZ1-loaded MESOPAC without guar gum was studied in different GIT
segments (Appendix C). Variability in release similar to that observed with felodipine-loaded
MESOPAC was noted, which is explained thoroughly in section 4.3.3.5. Despite that, an
overall trend persists, whereby MZ1’s release in regions prior to the colon was too high. This
indicated that the majority of the dose was released and highlights the need for guar gum to
control the release until the formulation reaches the colon.

Meanwhile, Figure 4.11 illustrates the gel plug behaviour of guar gum that was physically
blended with MZ1 and MESOPAC at a ratio of 5:1 upon exposure to simulated media
representing the different GIT segments. It can be seen that the gel plug remained intact by
the end of the small intestinal phase but was fragmented upon exposure to enzyme, to allow
drug release. Hence, the concept of enzyme-triggered drug release upon reaching the colon
that was previously established with felodipine can be still adapted by next-generation
molecules that possess challenging properties. As reported earlier, felodipine-loaded
MESOPAC coated with guar gum at a 5:1 ratio (guar gum to formulation) demonstrated
optimal performance in the presence of two enzymes. Given the success of this formulation,
the 5:1 ratio under two enzymes, specifically, was selected for further investigation using MZ1
to evaluate whether similar behaviour could be achieved. According to Figure 4.12, MZ1’s
release in upper GIT was limited to 11.6 + 0.93%. In contrast, the presence of endo-1,4 3-
Mannanase and a-galactosidase that hydrolyse guar gum triggered the release of MZ1 in the
colon, with 43.33 + 8.01% being liberated at the end of the duration of the study (Figure 4.12).
This site-specific release suggested that maximised therapeutic efficiency could be brought
by combining complex drug delivery technologies and emerging cutting-edge molecules. This
addresses the challenges associated with novel drugs and consequently improving their

therapeutic outcomes. It also signified the wide applicability of the optimised MESOPAC
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technology to accommodate a variety of molecules. Yet, one might argue that full release in
the colon was not achieved with the PROTAC molecule. Higher release that is close to 100%,
however, could be possible once hydrodynamic conditions within the small-volume dissolution
setup are optimised as discussed in earlier sections. Delivering a model PROTAC molecule
to the colon using mesoporous particles is a contribution that not only adds to the growing
literature related to targeted therapy but also broadens the scope of colon-targeted drug

delivery, in general, and PROTAC research, specifically.

Figure 4.11. Intact plug of guar gum and MZ1-loaded MESOPAC in dissolution medium representing
a) the stomach and b) the small intestine. Upon exposure to enzymes in colon, plug fragments into
smaller pieces, resulting in drug release and vessel turbidity (c)
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Figure 4.12. Cumulative release percentages of MZ1 from guar gum-based MESOPAC in media
simulating the upper GIT and the colon with the presence of two enzymes at guar gum-to-loaded
MESOPAC ratio of 5:1 (Data are presented as Mean + SD. Testing conditions: 0.1 N HCL + 0.3% (w/v)
SLS for gastric environment; phosphate buffer pH 6.5 + 0.3% (w/v) SLS for small intestinal environment;
phosphate buffer pH 7.4 + 0.3% (w/v) SLS for colonic environment with 3-mannanase and a-
Galactosidase; 30 mL with miniaturised adapted version, 150 rom)
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4.4. Conclusion

Drug targeting to the colon gained interest over the past two decades due to the various
advantages that the colon offers, making it an attractive site for delivery. These unique
features of the colon were extensively exploited to maximise the therapeutic efficiency of
delivery systems by minimising premature release in the upper GIT but ensuring drug release
specifically within the colon. Yet, there remains a need to design colonic systems that can
accommodate the newly developed molecules by utilising one of the colon’s distinctive
features, which is low proteolytic activity and reduced efflux transporters expression.
Formulation designs based on polysaccharides that are selectively degraded by colonic
microbiota seem promising; therefore, guar gum and pectin were investigated as potential
coatings for colon-targeted delivery of MESOPAC.

Two main techniques, spray drying and physical blends, were adopted to create the colonic
formulations with the selected polysaccharides. Regardless of the preparation technique,
however, pectin demonstrated early drug release in the upper GIT, exceeding 41.32%. Guar
gum, on the other hand, was more promising as it showed more controlled release when
physically mixed with the drug-loaded carrier particles. The swellable gel network formed
around MESOPAC upon the hydration of guar gum seemed to delay drug release and prevent
the sweeping in of dissolution medium in the upper GIT until the formulation reaches the colon,
where release was induced by enzymatic degradation of guar gum. For two of the three
polymer-to-MESOPAC ratios tested, drug release profiles were reproducible and consistent
with the intended release behavior. This reproducibility was attributed to the formation of a
rigid gel network that was less likely to be affected by hydrodynamic conditions of the
dissolution apparatus.

Hydrodynamics of dissolution medium in vessels was a factor influencing drug release
behaviour, especially when small-volume dissolution vessels were in place to preserve the
enzymes and APl in hand. It was, however, necessary to adjust the operating parameters,
namely the agitation speed, of the mini dissolution vessel to prevent the coning phenomenon,
maximise release within the colonic region, and achieve a comparable release profile to that
of the compendial, large-volume dissolution setup. Higher speed generally led to enhanced
drug release.

The susceptibility of the formulation to colonic degradation was confirmed by the presence of
enzymes as compared to their absence. Ultimately, guar gum-coated MESOPAC at a ratio of
5:1 was selected as the optimal delivery system for colonic targeting of PROTACs as it
achieved the desired balance between low upper GIT drug release (~11%) and highly
selective release in the colon (60.68 + 10.57% with felodipine and 43.33 + 8.01% with MZ1)

when subjected to the activity of two enzymes in miniaturised vessels. MESOPAC holds a
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great potential as a technology for colon-targeted delivery of both, small molecules and

challenging mid-sized entities.
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Chapter 5

Conclusion
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5.1. Conclusion

Modern drug development is increasingly hindered by intractable protein targets that mediate
the pathogenesis of several diseases including cancer. These targets are difficult to drug using
traditional small molecules and require advanced molecules to enable their elimination. The
past decade was, thus, characterised by increased scientific efforts to discover new targeted
therapeutics such as PROTACSs. Despite their unprecedented potential in inducing complete
degradation of historically challenging targets by using the body’s proteasomal machinery,
PROTACs emerge with significant delivery challenges that hinder their clinical progression to
the market. As they fall in a chemical space beyond the rule of five, PROTACs possess low
solubility and permeability that result in an unfavourable bioavailability or pharmacokinetic
profile. The pharmaceutical industry has identified the transformative potential of this novel

modality and the need to design innovative technologies that address these challenges.

Current delivery platforms such as ASDs have been adapted to accommodate PROTAC
molecules in literature, mainly to enhance their solubility. However, problems with excipient
choice, scalability, and stability arise with ASDs. Mesoporous particles, thus, present an
alternative novel amorphous formulation strategy to overcome the difficulties encountered with
conventional ASDs. Mesoporous particles can be engineered e.g., via ultrasonic atomisation
using spray drying to harbour a variety of molecules, ranging from small motifs to larger
biologics and complex molecules. These carriers can enhance not only the physicochemical
properties, such as the solubility, but also permeability if combined with targeting moieties that
lead to optimal absorption site for a drug. Of all the target sites, the colon stands as an ideal
site for delivery of a wide array of molecules, especially with advancements in targeted therapy
driving the renewed interest in the colon. Hence, designing advanced delivery systems that
respond to the distinct physiological features of the colonic environment creates

opportunities for selective delivery of novel molecules.

[Summary of Chapter Two redacted]
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Exploring the broad applicability of the optimised mesoporous particles that extends beyond
small molecules to address complex delivery challenges associated with novel molecules
was demonstrated in chapter three. Colorectal cancer is driven by a number of
undruggable proteins, for which PROTACs, like MZ1, might be promising candidates
to induce the degradation of these targets. MZ1, however, demonstrates poor solubility
and permeability, which compromises its therapeutic potential and restricts its translation
into clinical practice. Loading such a novel molecule into MESOPAC was a tough challenge,
considering the limited literature and investigatory status of the molecule. Yet, spray
drying revealed successful loading of MZ1 into MESOPAC at two different drug loads with
acceptable yield. Solid content within the feed solution had the greatest impact on
increasing the powder recovery when spray drying MZ1, with maximum vyield of 52.8%. The
success of the loading process was measured as a decrease in pore volume that indicated
the occupation of the pores by MZ1. However, Raman spectroscopy revealed that MZ1 was
mainly seen occupying the larger pores around the periphery of MESOPAC, a
phenomenon that was attributed to limited diffusivity of MZ1 towards deeper pores due its
large molecular size. This translated into flattened particles with an empty core. As a result,
the network became susceptible to deflation as it cannot withstand the shear stress of the
two-fluid nozzle employed in loading and solvent drying. Despite that, the ultimate goal of
addressing the poor solubility of PROTACs by utilising mesoporous particles was

established, with MZ1-loaded MESOPAC demonstrating superior dissolution
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performance represented as a 4-fold increase in release compared to raw form at 30 minutes.
In the present study, an advanced delivery technology was introduced as an alternative to the
common platforms for solubility enhancement of PROTACSs. Collectively, the findings of this
chapter provided a proof-of-concept of how the integration of the appropriate delivery system

can tackle the delivery challenges of PROTACs.

In chapter four, the colon was explored as a unique route for targeted delivery of small
molecules and PROTACs using mesoporous particles. Its distinctive physiology makes it an
ideal location for controlled delivery, with lower expression of efflux transporters and less
hostile environment being a hotspot for delivering molecules susceptible to unfavourable
degradation or uptake with other sites.

A formulation that aims to trigger the release of two molecules, felodipine or MZ1, upon
reaching the colon but minimises early release in upper GIT was designed, utilising
polysaccharides that are only digested by colonic enzymes secreted by the microflora. Pectin
and guar gum were chosen as GRAS-listed polymers that could modulate the release of drugs
to be colon-specific. Pectin was only able to retard the release in gastric environment but
underwent dissolution in media simulating the small intestine. Therefore, it was not able to
protect the drug load as more than 41.32% of felodipine was released prior to reaching the
colon, regardless of the method of preparation. Its behaviour in acidic and alkaline
environments is however highly dependent on its gelling behaviour, which is dictated by the
type and structure of pectin involved. Pectin might be suitable for colonic targeting only if it is
modified to reduce its solubility in media mimicking the small intestine.

Guar gum, on the other hand, was challenging to spray dry due its viscosity. Despite attempts
to optimise the spray drying process, powder recovered was negligible, as the viscosity of the
feed restricted further optimisation of parameters. Physical mixtures of guar-gum-to-drug-
loaded MESOPAC at three different ratios were thought of as an alternative technique to spray
drying. The mixture at 5:1 ratio demonstrated successful retardation of drug release in upper
GIT to around ~11% with both, felodipine and MZ1. Upon exposure to enzymes in the colonic
media, a surge in drug release was noticed, reaching 60.68 + 10.57% with felodipine and
43.33 + 8.01% with MZ1 when guar gum-to-loaded MESOPAC ratio was 5:1. The higher
colonic release was attributed to the swellable gel network, which upon hydration, delays drug
release and prevents the entry of dissolution medium in upper GIT until the formulation
reaches the colon, and release is induced by enzymatic degradation of guar gum.
Nevertheless, the incomplete release recorded with both drugs was likely due to suboptimal
hydrodynamic conditions since small-volume dissolution vessels rather than compendial
vessels were employed to study the in vitro dissolution performance of the colonic technology

to preserve the enzymes and PROTAC. Attempts were made to improve the hydrodynamics
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within the small vessels to achieve a correlation between the miniaturised system and the
compendial large-volume vessels. It was noted that increasing the rotation speed of the mini
paddle helps to overcome the phenomenon of coning that negatively influences the overall
drug release. It also generates greater turbulence that drives the powder around, overcoming
the overall low release seen in the colon at lower speeds. In addition to the speed, the ratio of
guar gum-to-drug-loaded MESOPAC as well as the enzyme level affect the overall colonic
drug release. Careful selection of these factors is necessary to maintain a balance between
low upper GIT release and colonic selectivity. This would maximise the release in the large

intestine such that it becomes comparable to that achieved in large-volume dissolution setup.

From a regulatory perspective, the development of a MZ1-loaded MESOPAC formulation
coated with guar gum to the colon would likely follow the conventional new drug regulatory
pathway. This is mainly because of the nature of PROTAC molecules that are not yet approved
by FDA and the associated novelty of the delivery system. However, the use of well-
established excipients that are GRAS-listed and are part of the food industry, such as guar
gum, may facilitate a more streamlined approval process. The proposed carrier system is
additionally based on CAB, which is a biodegradable material with an established safety
profile. Compared to synthetic polymers or surfactants, the selected excipients offer a
favourable safety and sustainability profile. Future steps would include preclinical evaluation
of pharmacokinetics, toxicity, and stability of the final dosage form prior to clinical trials. In
general, the colonic technology introduced in this chapter demonstrated a proof-of-concept of
the ability of advanced mesoporous technologies to address the bioavailability challenges
encountered by not only small molecules but also novel entities such as PROTACSs to facilitate
their selective delivery to the colon. Utilising the properties that MESOPAC and the colon,
together, offer, controlled release of PROTACs within the colonic environment was
established. This approach creates new opportunities for the colon as a promising site to

deliver complex molecules.

5.2. Future Work

Further exploration of MESOPAC with other PROTAC molecules utilising different E3-ligases
would expand the field of PROTAC delivery and demonstrate the capability of these
molecules.

Future plans should consider thorough understanding and complete optimisation of the
hydrodynamics between the miniaturised vessels and compendial setup. Moreover, because
of the complexity of the human body, it would be more biologically relevant to extend beyond
spiking media with enzymes to include rat caecal contents, bacterial cultures, or even

comprehensive dynamic models that represent several regions of GIT with tight control over
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parameters, only to capture the complexity of the GIT environment. There is also a need for
in vivo assessment of the performance of the proposed colonic system in this thesis.

Future work can also focus on assessing the permeability of PROTACs. It is important to
understand whether the poor permeability of PROTACSs is enhanced after incorporation into
MESOPAC and colonic targeting.

It is noteworthy to consider the scalability of the mesoporous carrier. Exploring the scaling up
from research laboratories to industrial production is necessary to confirm that the process
maintains its efficiency, and MESOPAC retains its morphology and functionality over large-
scale processing.

Future studies should include testing the stability and functionality of MZ1 post-processing to
ensure that the heat involved in spray drying does not compromise the PROTAC. This could
involve analytical confirmation of structural integrity and retention of biological activity.
Moreover, assessing the chemical and physical stability of the PROTAC molecule within the
finalised formulation during storage is necessary. Stability testing under ICH guidelines (i.e.
long-term and accelerated testing) is recommended as part of future plans for regulatory

development and scale-up.

5.3 Ethical and Sustainability Considerations

This study did not involve any animal or human subjects, and therefore no ethical approval
was required. All laboratory procedures were conducted in accordance with safety protocols,
including appropriate handling and disposal of chemicals and biologics.

From a sustainability perspective, the use of MESOPAC as a biodegradable carrier particle
reduces environmental impact. Guar gum, a plant-derived polymer that is commonly used in
food industry, was selected as a biocompatible coating material. Spray drying was performed
with process optimisation to minimise material waste, which is an environmentally considerate
approach. Future work involving in vivo evaluation (i.e. rat caecal contents) would be subject

to ethical approval and relevant guidelines.
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Appendices

Appendix A. [redacted]
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Appendix B. In Vitro Dissolution of Felodipine-loaded MESOPAC as a Control Sample

Control Formulation [Felodipinedoaded MESOPAC]
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Figure B.1. Release percentages of felodipine from MESOPAC without guar gum in media simulating
the different segments of the GIT: 0.1N HCL + 1% (w/v) SLS to represent the gastric environment,
phosphate buffer pH 6.5 + 1% (w/v) SLS to represent the small intestine, and phosphate buffer pH 7.4
+ 1% (w/v) SLS to represent enzyme-free colonic conditions [Test conditions: 150 rpm in small-volume
dissolution apparatus; separate capsule for each phase]
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Appendix C. In Vitro Dissolution of MZ1-loaded MESOPAC as a Control Sample

Control Formulation [MZ1-loaded MESOPAC]
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Figure C.1. Release percentages of MZ1 from MESOPAC without guar gum in media simulating the
different segments of the GIT: 0.1N HCL + 1% (w/v) SLS to represent the gastric environment,
phosphate buffer pH 6.5 + 1% (w/v) SLS to represent the small intestine, and phosphate buffer pH 7.4
+ 1% (w/v) SLS to represent enzyme-free colonic conditions [Test conditions: 150 rpm in small-volume
dissolution apparatus; separate capsule for each phase]
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