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ABSTRACT

Therapeutic Deep Eutectic Systems (THEDES)—which combine terpenes and non-steroi-
dal anti-inflammatory drugs (NSAIDs)—are promising approach targeting colorectal cancer
(CRC). The Me:IBU (3:1) combination notably enhances antiproliferative and anti-inflammatory
effects, demonstrating synergistic efficacy and selective cytotoxicity while sparing normal cells.
However, the hydrophobic nature of THEDES challenges the design of an effective drug deliv-
ery. The aim of this study was to develop a poly (lactic-co-glycolic acid) (PLGA) nanoparticle
(NP)-based delivery system for THEDES. Both empty and Me:IBU (3:1)-loaded PLGA NPs were
prepared using single-emulsion solvent evaporation and nanoprecipitation methods. In the
single-emulsion method, varying polymer (PLGA) and surfactant (PVA) concentrations were
tested, with a PLGA concentration of 25 mg/mL and 5% v/v PVA yielding spherical NPs (88—
185 nm). However, these NPs showed instability and aggregation, likely due to residual PVA,
therefore, a surfactant-free nanoprecipitation method was also tested. Using nanoprecipita-
tion, both empty and Me:IBU (3:1)-loaded NPs were formulated with acetone and water as co-
solvents. Dynamic Light Scattering (DLS) and Scanning Electron Microscopy (SEM) confirmed
the aggregation of NPs upon lyophilization, as well as their instability, which is attributed to a
zeta potential of -11.6 + 0.4 mV. Following optimization, empty NPs were successfully formu-
lated in phosphate-buffered saline (PBS) with a size of 509.9 + 4.4 nm and a PDI of 0.081, but
not in water. Me:IBU (3:1)-loaded NPs did not form in PBS but were successfully formulated in
water, as confirmed by Transmission Electron Microscopy (TEM) and DLS. These NPs had a size
of 246.9 + 2.6 nm, a PDI of 0.066, and a zeta potential of -32.6 + 2.2 mV. Furthermore, these
NPs seems remained stable for two months with a PDI of 0.095. Cytotoxicity and antiprolifer-
ative assays were performed using Caco-2 cells and HT29 cells, respectively, and showed no
significant impact on cell viability. Additionally, fluorescent dyes FITC and Nile Red were suc-
cessfully encapsulated, and FITC-loaded NPs were effectively internalized by HT29 cells, indi-
cating potential for the delivery of THEDES to CRC cells.

This study highlights the challenges in formulating PLGA NPs for THEDES delivery and
underscores the need for further optimization, or the use of improved methods, to enhance
their effectiveness in targeted CRC therapies.



Keywords: Colorectal Cancer, Drug delivery, THEDES, PLGA, Nanoparticles, Nanoprecip-
itation, Single emulsion solvent evaporation



RESUMO

Os Sistemas Terapéuticos Eutécticos Profundos (STEPS)—que combinam terpenos e
anti-inflamatdrios nao esteroides (AINEs)—sdo uma abordagem promissora para o tratamento
do cancro colorretal (CCR). A combinagao Me:IBU (3:1) melhora os efeitos antiproliferativos e
anti-inflamatérios, demonstrando uma eficacia sinérgica e citotoxicidade seletiva, ndo afe-
tando as células normais. No entanto, a natureza hidrofébica dos STEPS constitui um desafio
no design de um sistema eficaz de entrega de farmacos. O objetivo deste estudo foi desen-
volver um sistema de entrega baseado em nanoparticulas (NPs) de acido polilatico-co-glico-
lico (PLGA) para os STEPS. Tanto NPs vazias como NPs encapsuladas com Me:IBU (3:1) foram
preparadas usando os métodos de evaporagao de solvente por emulsdo simples e nanopreci-
pitacdo. No método de emulsdo simples, foram testadas diferentes concentracdes de polimero
e surfactante, com uma concentragdo de PLGA de 25 mg/mL a produzir NPs esféricas (88-185
nm). No entanto, estas NPs mostraram instabilidade e agregacéo, provavelmente devido a
presenca de PVA residual, pelo que foi também testado um método de nanoprecipitacao sem
surfactante. Utilizando o método de nanoprecipitacao, foram formuladas tanto NPs vazias
como NPs encapsuladas com Me:IBU (3:1), com acetona e agua como co solventes. A Disper-
sao de Luz Dinamica (DLS) e a Microscopia Electronica de Varrimento (SEM) confirmaram a
agregacao das NPs apos liofilizagdo, bem como a sua instabilidade, atribuida a um potencial
zeta de -11,6 + 0,4 mV. Apos otimizacao, as NPs vazias foram formuladas com sucesso em
solugéo salina tamponada com fosfato (PBS) com um tamanho de 509,9 + 4,4 nm e um PDI
de 0,081, mas ndo em agua. As NPs encapsuladas com Me:IBU (3:1) ndo se formaram em PBS,
mas foram formuladas com sucesso em agua, conforme confirmado pela Microscopia Electro-
nica de Transmissao (TEM) e DLS. Estas NPs apresentaram um tamanho de 246,9 + 2,6 nm, um
PDI de 0,066 e um potencial zeta de -32,6 + 2,2 mV. As NPs mantiveram-se estaveis durante
dois meses com um PDI de 0,095. Ensaios de citotoxicidade e antiproliferativos foram realiza-
dos em células Caco-2 e HT29, respetivamente, e nenhum impacto significativo na viabilidade
celular foi observado. Adicionalmente, sondas fluorescentes FITC e Nile Red foram encapsula-
das com sucesso, e as NPs encapsuladas com FITC foram internalizadas eficazmente pelas
células HT29, indicando potencial para a entrega de STEPS a células do CCR.
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Este estudo destaca os desafios na formulagdo de NPs de PLGA para a entrega de STEPS
e sublinha a necessidade de otimizacao, ou da utilizagdo de métodos melhorados, para au-
mentar a sua eficacia em terapias direcionadas ao CCR.

Palavras chave: Cancro Colorrectal, Entrega de Farmacos, STEPS, PLGA, Nanoparticulas, Na-
noprecipitacao, Evaporagdo de Solvente por Emulsao Simples
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INTRODUCTION

1.1. Cancer

Cancer was one of the most lethal diseases in the 20th century and remains a major
global concern in the 21* century [1]. According to World Health Organization, cancer remains
the primary global health challenge, accounting for approximately 20 million new cases and
almost 10 million deaths in 2022, representing nearly 1 in 6 global deaths [2]. Predictions for
2040 project a significant increase in cancer cases to 28.4 million [3]. In 2022, Portugal recorded
69.567 new cases and 33.762 deaths [4]. The most prevalent types of cancer in men include
lung, prostate, colorectal, stomach, and liver cancer. In women, the most common types are
breast, colorectal, lung, cervical, and thyroid cancer [5].

Cancer is a complex group of diseases characterized by the abnormal and uncontrolled
growth and proliferation of cells, which can occur in any tissue or organ [6]. The initiation of
cancer often arises from 4/5 mutations that create an optimal environment for further muta-
tion [7]. Most cancers have an epithelial origin with stem cell niches having a pivotal role [8].
Understanding how normal cells progress into tumor cells is crucial to develop treatments and
mitigate the abrupt statistical numbers.

Genetic susceptibility, coupled with environmental factors and lifestyle choices, emerges
as a potent catalyst for these mutations and subsequently cancer development. In our modern
society, individuals are exposed to a myriad of potential carcinogens and hormone-disrupting
agents [8]. These range from pollutants in the air and water to detrimental habits like smoking,
as well as the choice of shampoos, skincare items, and household products [9]. Additionally,
previous diseases that could have led to chronic inflammation can also create an optimal en-

vironment for cancer progression [10].

1.1.1. Cancer Biology

In a normal situation, the cell division cycle is highly regulated by communication be-
tween cells. When mutations occur in genes responsible for regulating cell growth, apoptosis,
and deoxyribonucleic acid (DNA) damage repairing, cells undergo regulation checkpoints to



either repair the mutation or, in extreme cases, undergo apoptosis [11]. However, in abnormal
situations, mutations can persist in the regulatory genes, like a) tumor suppressor genes, re-
sponsible for inhibiting growth and promoting death, b) proto-oncogenes, involved in pro-
moting cellular growth, and c) caretaker genes, involved in genome repair and stability (Figure
1) [12]. Growth signal pathways, that are typically downstream of growth factors, and receptors
tyrosine kinase are frequently hyperactivated or constitutively activated by oncogenic muta-
tions, which reduces the dependency of cells on these signals [13]. This in combination with
the loss of function of tumor suppressors and caretaker genes, creates a landscape of genomic
instability, laying the groundwork for subsequent events [14], [15].

DNA mutation  Multiplication ~ Unchecked Growth
of cells of cells

.
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Figure 1: Carcinogenic steps: The progression of carcinogenesis is made by a multiple step process. A) Can-
cer initiation: involves DNA mutations, especially in proto-oncogenes and tumor suppressor genes, disrupting the
delicate balance of cell growth regulation and triggering the formation of preneoplastic lesions. 2) Cancer progres-
sion: subsequent accumulation of genetic mutations leads to the proliferation of mutated cell clones that can pro-
duce self-sufficient growth signals and become insensitive to immune modulators. When the tumor rich a certain
size, angiogenesis is promoted acquiring the capabilities needed to migrate to other tissues and initiate metastasis.
Additionally in parallel cells communicate with a pro-inflammatory environment that also contribute to tumor pro-
gression and metastasis. Adapted from [16].

This loss of growth and survival signaling control, leads to an increase in cell division and
abnormal cell shape known as dysplasia and is one of the barriers that cells need to overcome
to become malignant. This stage is known as adenoma or benign tumor once it exhibits a
localized growth pattern without spreading [17].

Additionally, cancer cells release signals that consistently attract mesenchymal/stromal
cells such as fibroblasts and immune cells, forming a dysfunctional and pro-inflammatory tu-
mor microenvironment (TME). In reciprocation, these stromal cells emit growth and survival
signals, creating a positive feedback loop that sustains inflammation and fosters tumor growth
[18]. The heightened production of reactive oxygen species (ROS) during inflammation, origi-



nally meant for pathogen elimination, can inadvertently induce DNA damage, fostering ge-
netic mutations. This reciprocal interaction implies that cancer cells are not entirely self-suffi-
cient in terms of growth signals, as they remain dependent on the growth factors secreted by
stromal cells [19]. This clinical insight is significant, particularly when there is an increase in the
expression of growth factor receptors in cancer cells, presenting potential targets for drug
delivery [20]. Factors secreted by the TME, such as hormones or cytokines, promote the clonal
expansion of mutated cells. In this stage, cells undergo epigenetic changes like methylation
and histone modification. Epigenetic modifications, which involve alterations in gene expres-
sion without changes to the DNA sequence, contribute to tumor heterogeneity. Cancer cells
with modified genetic profiles undergo continued replication, resulting in the emergence of
unique mutations within different clusters of clones, explaining the tumor's diverse genetic
landscape. These distinct mutations confer a selective advantage to certain cancer cells, ena-
bling them to grow more rapidly and survive better, potentially contributing to the tumor's
aggressiveness and adaptability [21], [22]. When the tumor reaches a size of 2-3 milliliters,
necessitating a robust blood supply for nutrients, oxygen, and waste removal, a specialized
niche of stem cells initiates the growth of tumor-related blood vessels by elevating levels of
vascular endothelial growth factor (VEGF) and other pro-angiogenic factors [23].

Cancer progression towards metastasis is a nuanced process, not only involving cellular
transformation but also intricate interactions within a dysfunctional TME [24], [25]. Metastasis,
the intricate process of cancer cells spreading from the primary tumor to distant sites, hinges
on various molecular events. In cases where cancer cells originate from epithelial tissues, they
undergo a transformative process known as epithelial-to-mesenchymal transition (EMT)
(Figure 2) [26]. During EMT, epithelial cells, characterized by high intercellular adhesion, low
motility potential and anchored to the extracellular matrix, transit into mesenchymal cells.
These mesenchymal cells exhibit heightened motility potential and low adhesion, key features
that facilitate their migration and infiltration into lymphatic vessels. The EMT transition is an
epigenetic alteration and evolves the downregulation of cadherins, crucial transmembrane
proteins responsible for cell-to-cell adhesion. Additionally, activation of motility genes occurs,
and the secretion of proteases facilitates the digestion of the extracellular membrane when
epithelial cells are attached, ultimately leading to the formation of secondary tumors [27].
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Figure 2: EMT transition of cancer cells. During EMT, cells shift from an organized and stationary epithelial
state to a more migratory and invasive mesenchymal state. This involves downregulation of epithelial markers (e.g.,
E-cadherin), loss of apical polarity, and upregulation of mesenchymal markers (e.g., N-cadherin). Consequently,
cells become more motile, lose cell-cell adhesion, and gain invasive properties, facilitating metastasis and tumor
progression. Created with BioRender.com.

Moreover, inflammation holds a pivotal role in cancer progression, and its influence ex-
tends to the initiation of cancer as well. Chronic inflammation, in particular, fosters an envi-
ronment conducive to both the onset and advancement of cancer. Colorectal cancer (CRC)
frequently arises in the context of chronic inflammatory conditions, notably linked to disorders
like inflammatory bowel diseases (IBD) [28]. This sets the stage for a microenvironment favor-
able to the initiation and progression of CRC. The enduring inflammatory response in the col-
orectal region, induced by abnormal immune reactions, results in elevated levels of pro-in-
flammatory cytokines, immune cell infiltration, and heightened production of ROS, that can
contribute to genetic instability and tumor initiation and progression [29].

1.2. Colorectal Cancer

Currently, CRC is a significant global health challenge, ranking as the third most preva-
lent cancer worldwide, representing 10 % of all cancer cases. In 2020, over 1.9 million new
cases of colorectal cancer and more than 930,000 related deaths was reported globally. In
2040 it is estimated an increase of 63 % in new cases and 73 % in CRC deaths [30]. In Portugal,
according to Champalimaud Foundation, it is the second most frequent and the deadliest can-
cer with over 7.000 new cases per year [31]. The risk of developing CRC increases with age,
with the majority of cases diagnosed in individuals over 50 years old [32]. Recent research
indicates a decline in incidence among individuals aged 65 and older, a stabilization within the
50 to 64 age group, and a concerning upward trend observed in those aged 50 to 54 and
under 50, with an annual increase of 2%, since 2011 [33]. Diet, family history, obesity, diabetes,
smoking habits, history of inflammatory disease, and familial syndromes, are among the risks
to the development of this malignance. Disparities in the adoption of screening practices and



access to healthcare services present significant challenges, resulting in delayed diagnoses and
inferior outcomes, especially within underserved populations [32]. Furthermore, the emer-
gence of COVID-19 (Coronavirus disease 2019), which required more resources for health ser-
vices, lead to a reduction in care for other diseases as cancer [34].

1.2.1. Molecular pathways in CRC development

CRC is a complex disease affecting the large intestine and rectum [35]. Approxi-
mately 75 % of CRC cases are sporadic, meaning they do not have clear hereditary connections
[36]. About 5 % are linked to hereditary syndromes like Lynch syndrome, which involves spe-
cific genetic factors [37]. There is also a unique subtype called Colitis-Associated Cancer (CAC),
related to chronic inflammatory conditions in the colon [38]. The sequence of events that make
normal cells start uncontrolled proliferation and growth involves three different pathways that
could lead to CRC formation and progression from adenoma to carcinoma: the classical ade-
noma-to-carcinoma progression, CAC pathway, and Serrated pathway [39].

The classical adenoma-to-carcinoma progression representing 65-85 %, can be a con-
sequence of two different events: chromosome instability (CIN) or microsatellite instability
(MSI) [40].

CIN refers to accumulation of mutations in oncogenes and tumor suppressor genes. The
loss of function of tumor suppressor gene adenomatous polyposis coli (APC) and the increase
expression of Kirsten rat sarcoma viral oncogene homolog (KRAS) results in adenoma for-
mation. Later SMAD2-4 and protein 53 (p53) mutations leads to the progression to carcinoma
[41]. APC is a tumor suppressor gene and a negative regulator of the WNT pathway. APC is
responsible for facilitating the degradation of B-catenin protein. B-catenin migrates to the nu-
cleus and binds to specific genes responsible for promoting cell proliferation and survival,
activating them. The APC mutations lead to the accumulation of B-catenin, which hyperac-
tivates WNT pathway [42]. Furthermore, SMAD2 and SMAD4, key components of the TGF-B
signaling pathway, act as tumor suppressor genes by modulating cell proliferation and apop-
tosis. Dysregulation or loss of function in SMAD2 and SMAD4 disrupts TGF-B signaling, facili-
tating tumorigenesis. TP53 is a tumor suppressor gene encoding the p53 protein that acts as
a transcription factor, regulating the expression of genes involved in cell cycle arrest, DNA
repair, and apoptosis. TP53 loss of function can result in impaired DNA damage response,
allowing cells with genetic errors to evade apoptosis and continue dividing. Conversely, KRAS
is a proto-oncogene and a mutation in this pathway results in uncontrolled cell growth [43].

MSI points to errors in microsatellites, short repetitive DNA sequences, causing inactiva-
tion of mismatch repair genes. In this pathway the loss of DNA mismatch repair genes (MMR),
like MLH1 gene, contribute to adenoma formation. These genes are responsible for maintain-
ing DNA integrity by identifying and correcting errors in the genetic material before they can



lead to mutations or genetic instability. Subsequently, the progression from adenoma to car-
cinoma occurs as a consequence of mutations in B-Raf proto-oncogene, serine/threonine ki-
nase (BRAF), BAX gene, or transforming growth factor beta (TGFBR) signaling pathway and
insulin-like growth factor 2 receptor (IGF2R) [44], [45]. Typically, 70-85 % of CRC present higher
levels of CIN than MSI [41]. The BRAF mutation upregulates cell signaling proteins, disrupting
pathways like mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK). This prompts uncontrolled cell growth, survival, and proliferation [46]. BCL2-
associated X, apoptosis regulator (BAX) is a pro-apoptotic gene having a role in promoting
apoptosis. Dysregulation of Bcl-2-associated X protein (Bax) expression or function can disrupt
apoptosis, enabling cancer cells to evade programmed cell death, thereby promoting tumor
survival and progression [47]. Additionally, TGFBR is part of the TGF-B signaling pathway, which
typically has tumor-suppressive functions. The IGF2R acts as a tumor suppressor by binding
to IGF2 and targeting it for lysosomal degradation, thereby inhibiting its mitogenic effects. A
mutation in these receptors lead to the loss of the ability to control cell proliferation (Figure
3) [48], [49].

1) CIN - Chromosomal Instability pathway

APC inactivation KRAS mutation 18q, SMAD2/4 loss TP53 mutation
and loss # 'k_‘
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Figure 3: Classical adenoma to carcinoma progression by two different pathways: 1) CIN is consequence of
an accumulation of genetic alterations: gain or loss of chromosomes or chromosomal segments and, alterations
in tumor suppressor genes (APC, SMAD2/4, TP53) and proto-oncogenes (KRAS). 2) MSI involves mutations in
shorts repetitive DNA segments, affecting DNA mismatch repair genes (MMR, MLH1), the genes responsible for
correcting DNA errors. Additionally, BRAF and later BAX, TGFBR and IGF2R mutations also contribute to the pro-
gression from adenoma to carcinoma [50].

CAC arises in the context of chronic IBD like ulcerative colitis and Crohn's disease, with
IBD patients having a 60 % higher CRC incidence. This shows the role of inflammation as one
possible trigger for tumor development [51]. CAC pathway involves mutations in TP53, BRAF
and KRAS genes, and MSI, leading to a low grade of dysplasia. In this pathway, the APC mu-
tation comes further giving rise to angiogenesis via the NF-kB, IL-6/STAT3, or IL-23/Th17 path-
ways and cytokines secretion [52]. Inflammation is typically present from the beginning in
conditions like inflammatory bowel disease. Concurrently, the IL-6/STAT3 pathway becomes

activated, fostering an environment conducive to immune evasion, increased cell survival, and



uncontrolled proliferation [53]. Meanwhile, IL-23-mediated differentiation and maintenance of
Th17 cells, helper cell subtype, produce primarily interleukin 17. The dysregulation of Th17
responses can lead to an excessive production of cytokines contributing to the inflammatory
environment potentially fueling tumor development (Figure 4) [54]. Collectively, these path-
ways synergize to sustain chronic inflammation, creating a microenvironment that supports
the initiation and progression of colorectal cancer in the context of colitis.

The serrated adenoma pathway is characterized by specific morphological features dis-
playing a unique serrated appearance, setting them apart from conventional adenomas. This
pathway is often associated with BRAF mutations and CpG island methylator phenotype
(CIMP) in genes as TP53 resulting in uncontrolled proliferation [55]. Furthermore, p16 loss of
function promotes progression to cancer [56]. This pathway presents higher expression of in-
flammatory mediators as interleukin-4 (IL-4), tumor necrosis factor alpha (TNF-a), interleukine-
1 beta (IL-1B) and cyclooxygenase-2 (COX-2) compared with conventional adenomas [57]. The
persistent activation of the nuclear factor-kappa B (NF-«B), a pivotal transcription factor in
inflammatory responses, amplifies the expression of genes associated with inflammation, cell
survival, and proliferation (Figure 4) [58].
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Figure 4 : Two other pathways responsible for adenoma to carcinoma progression: 3) CAC pathway: Muta-
tions in TP53, BRAF, and KRAS, along with MSI, initiate dysplasia. Concurrently, APC mutations stimulate angiogen-
esis via NF-kB, IL-6/STAT3, or IL-23/Th17 pathways, contributing for tumor progression. 4) Serrated pathway: Epi-
genetic changes and mutations in genes like BRAF, KRAS, and CpG island methylator phenotype (CIMP) genes drive
CRC development [59].

The genetic differences in pathways responsible for the progression from adenoma to
carcinoma influence prognosis and treatment outcome. Consequently, identical treatments

may have different responses.

1.2.2. CRC and inflammation

Inflammation plays a pivotal role, not only in establishing a conducive environment for
cancer initiation in chronic inflammatory diseases but also in driving tumor progression and
metastasis. Inflammation is a common factor in all types of CRC, although the degree is vari-
able. It could be associated with the initiation, progression or both phases. CRC is not just



characterized by cells that accumulate mutations, but it also includes the communication be-
tween them and with a dysfunctional TME [48]. Key pathways have been identified as dereg-
ulated in CRC, like NF-kB, WNT/B-catenin pathway, COX-2, and MAPK pathway, resulting in an
inflammatory microenvironment [60].

When NF-«B is activated, it migrates to the nucleus leading to the transcription of genes
involved in cell survival, proliferation, and inflammation. Persistent activation of NF-«B in CRC
can promote a pro-tumorigenic microenvironment by enhancing cell survival and the produc-
tion of pro-inflammatory cytokines [61]. Additionally, inflammation can impact the WNT/B-
catenin pathway, by promoting the release of WNT ligands, molecules that activate the WNT
pathway, or affecting the regulation of B-catenin degradation, leading to aberrant WNT sig-
naling and promoting tumor development [62]. COX-2 is an enzyme involved in the conversion
of arachidonic acid into prostaglandins (PGs) and is typically present in pathological condi-
tions. Inflammatory stimuli, like cytokines, induce the expression of COX-2, leading to an in-
creased synthesis of PGs, especially prostaglandin E2 (PGE2). This, in turn, further exacerbates
inflammation, creating a positive feedback loop that not only sustains the inflammatory milieu
within TME but also supports the uncontrolled growth of cancer cells. COX-2 is overexpressed
in 80 % of colorectal carcinomas and it is known to lead to cancer progression [63]. Multiple
in vivo studies have shown that the inhibition of COX 2 in mice, used as a model for CRC,
results in a decrease in size and number of intestinal polyps [64], [65]. The PGs produced by
COX-2 lead to an increase in B-catenin that migrates to the nucleus and activates WNT signal-
ing. Studies show that the administration of non-steroidal anti-inflammatory drugs (NSAIDs),
as ibuprofen and diclofenac, that are COX-2 inhibitors, show a decrease in B-catenin content
suggesting their anti-tumor effect [66]. Additionally, NSAIDs decrease the transcription of
genes mediated by NF-kB that are involved in metastasis and cancer cells growth [67]. Fur-
thermore, MAPK pathway dysregulation leads to increased cell proliferation, survival, and mi-
gration. Inflammatory mediators, such as growth factors and cytokines, contribute to the sus-
tained activation of the MAPK/ERK pathway in CRC [68]. However, the type of mutations, the
time of occurrence and the location is different between the various subtypes of CRC what
makes difficult to find a treatment that is effect for all colorectal cancer subtypes [40].

1.2.3. CRC Treatments

Colorectal cancer treatments include surgery, chemotherapy and targeted therapies.
However, these treatments exhibit inherent limitations. In response, scientists are exploring
novel approaches, such as the application of nanoparticles, to enhance the effectiveness of
drugs and improve CRC treatments [39], [40].

1.2.3.1. Conventional treatments

Conventional treatments for CRC encompass a multidisciplinary approach addressing
various stages of the disease. The treatment regimen is determined based on various factors
such as the location of the primary tumor, the extent of cancer spread to lymph nodes, and



the presence or absence of metastasis. These treatments can be local or systemic, depending
on whether they are administered directly to the tumor site or delivered via the bloodstream,
respectively (Figure 5) [69]. Surgical intervention, such as open surgery or laparoscopic, is local
and remains the primary treatment, particularly for localized tumors, involving the removal of
the cancerous tissue and surrounding lymph nodes [70]. Open surgery allows better view of
the tumor, but laparoscopic is a less invasive approach, since it involves small incisions de-
creasing the risk of infection and improving recovery time. However, the choice depends
mainly on cancer stage and the patient's medical conditions [71].

Despite an improvement in screening, the majority of CRCs are detected in advanced
stages often with metastasis present [72]. In such cases, adjuvant treatments applied before
or after the surgery, become essential to stabilize the tumor, suppress tumor growth, and pre-
vent invasion into other surrounding tissues. A combination treatment regimen is often ap-
plied.

Chemotherapy, a systemic treatment, is the centerpiece in colorectal cancer treatment
since it can increase the survival rate. It can be implemented alone, or complementary to sur-
gery [73]. Additionally, radiation therapy, a local treatment, can also be used to shrink tumors
before surgery [72].
The selection of the right chemotherapy involves the use of either single agents or a combi-
nation of multiple agents, depending on the patient's prognosis and treatment objectives [74].
Single-agent regimens, including 5-fluorouracil (5-FU), capecitabine (CAP), irinotecan (IRI), and
oxaliplatin (OX), play a key role, in effectively targeting residual cancer cells and preventing
recurrence. Combined regimens, such as FOLFOX (5-FU+OX), FOXFIRI (5-FU+IRI), CAPOX
(CAP+0OX), and CAPIRI (CAP+IRI), involve the use of two or more agents, contributing to en-
hanced effectiveness, particularly in advanced stages of treatment. While the use of combined
therapies may introduce additional side effects, it has shown promise in reducing resistance
to drugs and proving effectiveness in advanced stages of treatment [73]. However, chemo-
therapy have high toxicity to normal cells, often leading to negative off-target side effects and
drug resistance [73].
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Figure 5: Conventional CRC treatments. The treatment regimen depends on cancer stage, patients age and
health, and other factors. The treatment could be systemic or local and be combined in order to obtained a better
outcome. Created with BioRender.com.

In response to the off-target effects, targeted therapies emerge. These targeted treat-
ments are employed in advanced stages to target specific molecular pathways crucial for can-
cer progression. CRC target therapies include: 1) Monoclonal antibodies, like cetuximab that
targets epidermal growth factor receptor (EGFR) (present in 80 % of CRC cases) and bevaci-
zumab, which blocks vascular endothelial growth factor A (VEGF-A), crucial for blood vessel
formation around tumors [75]; 2) Angiogenesis inhibitors, such as Zivaflibercept hinder new
blood vessel growth by trapping VEGF and Regorafenib, effective in advanced stages, blocks
VEGF and other proteins to slow tumor growth and angiogenesis [76]; 3) Protein kinase inhib-
itors, like Encorafenib, a BRAF inhibitor, targets and stop abnormal protein activity associated
with mutant BRAF genes, disrupting pathways vital for CRC development and progression [77].
Moreover, in advanced stages, immunotherapy is implemented to activate the body's immune
system to recognize and eliminate cancer cells. This includes immune checkpoint inhibitors
like cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein
1/programmed death-ligand 1 (PD-1/PDL-1), that target receptors present in immune cells
and cancer cells, respectively. This enhances the immune system's ability to fight cancer by
blocking signals that typically suppress immune cells activity [78].

1.2.3.2. New treatments approaches

While these advancements hold great promise, the challenges persist, particularly in en-
hancing the survival rates of patients at advanced stages of CRC [69]. The complex nature of
the disease, coupled with factors such as treatment resistance and metastasis, explains the

ongoing efforts in research to refine existing therapies and pioneer new strategies to enhance
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drug delivery, reduce cytotoxicity, and decrease the cost of the treatments [79]. Simultane-
ously, researchers are delving into the exploration of nanomaterials, with a focus on enhancing
drug delivery mechanisms thereby optimizing the efficacy and precision of cancer treatments
[80]. Furthermore, pharmaceutical industries are not only dedicated to enhance current treat-
ments but are also actively investigating solutions in line with green chemistry principles.
Hence, the quest for inherent anticancer properties in natural products and the pursuit of sus-
tainable processes is pivotal in this endeavor [81]. This dual focus reflects a commitment to
advancing therapeutic efficacy of cancer treatments.

1.3. Therapeutic Deep Eutectic Systems and their role in
drug improvement

1.3.1. Deep Eutectic Systems

In the contemporary era, with a strong emphasis on global sustainability, there is a no-
table surge in the demand for eco-friendly alternatives in all industry fields, especially in phar-
maceutical industry. Key strategies involve the substitution of hazardous solvents with envi-
ronmentally friendly options, by exploring natural pharmaceuticals and enhancing existing
drugs efficiency. Furthermore, optimizing drug efficiency plays a pivotal role in promoting a
sustainable healthcare approach by minimizing excess production and waste [82]. The incor-
poration of green chemistry principles in pharmaceutic industry and health products it is im-
perative [83].

Deep Eutectic Systems (DES) have emerged as a revolutionary solution in this pursuit
[84]. DES are formulations comprising two or more compounds selected based on their ca-
pacity to donate or accept hydrogen bonds. These hydrogen bond interactions are fundamen-
tal in determining the unique properties and behavior of DES. However, DES can also form
through weaker interactions, such as Van der Waals forces. When combined in a specific ratio,
a charged delocalization phenomenon occurs, leading to a depression in the melting point
and a transition to a liquid state [85]. The behavior of DES can be understood by a two-phase
diagram (Figure 6). Each compound has a specific temperature at which it changes from a solid
to a liquid, known as its melting point. When compounds A and B are mixed in a specific ratio
at a set temperature, they transit from a solid to a liquid state in what is called the eutectic
point. This point reflects a unique combination of the correct ratio and temperature for this
transition to occur optimally. At the eutectic point, a fraction of the mixture remains in the
solid phase while the remainder shifts to a liquid state, establishing an equilibrium where both
phases coexist. However, deviations from ideality can occur when compounds are combined
at specific ratios and temperatures, resulting in a lower melting point than expected in an ideal
scenario, a deeper eutectic point [86].
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Figure 6: Phase diagram illustrating the solid-liquid behavior of a deep eutectic mixture [87].

DES have favorable physicochemical characteristics, such as low volatility and excep-
tional thermal stability. It stands out due to its straightforward manufacturing process, cost-
effectiveness, and minimal environmental impact, making it a more practical and widely appli-
cable option [88]. The resultant intermolecular interactions confer 100 % atom economy, with
no waste and no by-product formation during preparation. Moreover, DES present highly fa-
vorable physicochemical properties: low melting points, minimal volatility, nonflammability,
substantial solubilizing capacity, customizable polarity, and thermodynamic stability [89]. Fur-
thermore, the easy preparation contributes to an exceptionally low E-factor. The E-factor
measures the amount of waste produced per unit of product in a chemical process, with a
lower value indicating higher efficiency and environmental friendliness. Furthermore, nearly all
the DES compounds are non-toxic and biodegradable, what are align with green chemistry
principles. Additionally, DES can be custom-designed, with components selected specifically
to suit the intended application [90].

Their unique composition and versatility make DES essential in various domains, ranging
from synthesis and processing of biopolymers [91], to solvent extraction [92], finding crucial
applications in food and pharmaceutical industries [93], particularly within the realm of drug
delivery science [94]. As examples, DES has been used as a green solvent in detecting and
extracting neurotransmitters, that are the chemical messengers of the brain, leading to higher
yields and purity compared to traditional solvents [95]. Some DES have also shown antimicro-
bial effects against several bacteria, fungi, and viruses [94]. For instance, a DES made of choline
bicarbonate:geranic acid (1:2) has antimicrobial effects against Mycobacterium tuberculosis,
Staphylococcus aureus, and Candida albicans [96].

The pharmaceutical industry faces challenges such as dissolving drugs with low solubility
in water, creating effective drug delivery systems, and extracting natural products [97], [98],
[99]. The reduction in the melting point of DES induces a state of liquidity at room temperature
and, consequently, at the standard human body temperature of 37 °C. Drugs in liquid form
are more efficiently absorbed, leading to heightened bioavailability, thereby enhancing the
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therapeutic efficacy of pharmaceutical compounds. This characteristic, coupled with the po-
tential versatility of DES applications, shows its significance as a promising candidate for ad-
vancing drug delivery strategies and formulations within the pharmaceutical industry. For in-
stance, the use of graphene functionalized with the DES choline chloride:malonic acid has been
explored a new approach to improve the effectiveness of the anti-cancer drug doxorubicin.
The DES-functionalized graphene demonstrated high efficiency in loading the drug and
showed promising results in fighting cancer cells [100].

1.3.1.1 Therapeutic Deep Eutectic System

DES could be classified based on their composition. Two of the most promising types
are Natural Deep Eutectic Systems (NADES) and Therapeutic Deep Eutectic Systems (THEDES).
NADES comprises at least two naturally occurring components. Alternatively, THEDES com-
prise two or more elements, prioritizing the integration of an active pharmaceutical ingredient
(API), which may or may not be one of the compounds within the DES. In the first scenario, the
API can serve as either a hydrogen bond acceptor (HBA) or an hydrogen bond donor (HBD)
based on its properties. As an example, atropine acts as an HBA when intricately paired with
capric acid, forming a specialized THEDES, while ibuprofen assumes the role of an HBD when
combined with menthol [101]. The three-dimensional chemical and steric properties of the
natural molecules, confer them distinct mechanisms of action contributing to enhance effi-
ciency and selectivity towards specific molecular targets [102]. In the second scenario, the API
is dissolved within the THEDES, without directly contributing to the formation of the eutectic
system itself. Instead, the API is incorporated into the THEDES matrix, allowing it to be inte-
grated without being a structural component of the system. In both cases the API integration
in THEDES changes the API physicochemical characteristics, such as its solubility. This empha-
sizes the potential role of THEDES to improve the effectiveness of pharmaceutical formulations
[103].

In the realm of pharmaceutical industries, a significant area of interest lies in drug repur-
posing. Designing new medicines from the beginning is not only costly but also takes many
years to go through all the necessary stages. Drugs repurposing involves the exploration of
existing drugs for alternative indications or the adaptation of their characteristics, encompass-
ing potential modifications in formulation, delivery methods, dosage, or other attributes [104].
The utilization of THEDES may lead to improvements in the fundamental attributes of APIs.
These improvements include increased permeability, better absorption, and increased solubil-
ity, all of which are important factors that improve the drug's bioavailability and, in turn, its
therapeutic effectiveness and patient outcomes [105]. For instance, one of the problems is the
use of poor water-soluble drugs that demonstrate poor bioavailability, which could be en-
hanced through their incorporation in THEDES [106].

Several APIs with anti-inflammatory activity are being integrated into THEDES formula-
tions. An example is NSAIDs, including COX-2 inhibitors like ibuprofen, which effectively miti-
gate inflammation. As previously noted, inflammation plays an important role in cancer. Given
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ibuprofen's limited solubility in water, its inclusion in THEDES could enhance its properties and,
consequently, improve bioavailability. This ability of a eutectic to dissolve poorly water-soluble
substances is knowing as hydrotropy [107]. Furthermore, the noteworthy chemical diversity
and distinct mechanisms of action exhibited by natural molecules highlight their potential syn-
ergy with APIs in THEDES, promising advancements in therapeutic outcomes and the refine-
ment of existing treatments [108].

Certain THEDES have shown significant antiproliferative effects on CRC cells. Notable
examples include formulations containing limonene, menthol, and ibuprofen, which effectively
inhibit cell growth, highlighting the potential of THEDES in CRC treatment [109], [110].

Pereira J et al, have investigated the anti-CRC activity of several hydrophobic THEDES
composed of terpenes, natural compounds, such as safranal, menthol, and linalool, combined
with NSAIDs as ketoprofen, flurbiprofen, and ibuprofen. Terpenes are produced by plants and
are known to have several anti-inflammatories, anti-oxidant, and anticancer effects. Combina-
tions such as safranaliibuprofen (3:1), safranal:ibuprofen (4:1), and menthol:ibuprofen (3:1)
have exhibited selective toxicity against HT29 CRC cell line, leading to reduced cell prolifera-
tion primarily through caspase 3-mediated apoptosis in the former two combinations. Con-
versely, menthol:ibuprofen (3:1) induced anti-inflammatory activity by decreasing ROS levels
and antiproliferative activity by activating caspase 3 [110]. Moreover, incorporating ibuprofen
into different THEDES formulations has shown improved properties of the API, such as better
permeability and solubility [111]. Additionally, a study reported by Pereira C et a/, highlighted
the anti-inflammatory and antiproliferative effects of LIM:IBU (4:1) on CRC cells, while simulta-
neously preserving the viability of normal cells. This combination effectively combated inflam-
mation by inhibiting ROS and NO (nitric oxide), pivotal modulators of inflammation [108]. An-
other study demonstrates anticancer activity of a THEDES composed of a limonene metabolite,
perillyl alchool (POH) and ibuprofen. POH:IBU (3:1) was capable of inhibit cell growth by af-
fecting cell proliferation in CRC cells [109]. Both studies further clarified the variations in pro-
liferation activity observed between utilizing a physical mixture of the two compounds and
utilizing them in THEDES form [108], [109].

However, like most anticancer drugs, these THEDES are hydrophobic, presenting poor
solubility in water [112]. Furthermore, to attain optimal therapeutic effects, these THEDES must
reach CRC cells at an ideal concentration and rate, minimizing potential negative side effects.
Designing an efficient targeted drug delivery system (DDS) capable of delivering THEDES spe-
cifically to CRC cells could enable the effective utilization of these compounds for colorectal
cancer treatment.

1.4. Drug Delivery Systems

DDS refers to the method of administering pharmaceutical substances to achieve a ther-
apeutic effect in humans or animals [113]. As the pharmacology field progresses, it becomes
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clear that the release profile of a drug has a crucial influence on the bioavailability and conse-
quently on therapeutic efficacy.

Conventional drug administration methods, like tablets and capsules, have poor bioa-
vailability and are rapidly absorbed and metabolized, causing fluctuations in drug concentra-
tion in the bloodstream. Bioavailability is the percentage of an API that enters the bloodstream
and is accessible to act at the target site. Influenced by factors such as the route of admin-
istration, absorption, distribution, metabolism, and rate of excretion, bioavailability is an im-
portant factor in determining the effectiveness of a drug [114]. For instance, comparing oral
administration with intravenous administration, the first one encounters the challenge of pass-
ing through the liver's first metabolism and facing potential degradation in the acidic stomach
environment, leading to a decrease in bioavailability. Conversely, intravenous administration
allows the drug to directly enter the bloodstream, bypassing the initial metabolism in the liver.
Additionally, poor water-soluble drugs pose absorption difficulties, resulting in a reduced per-
centage reaching the bloodstream and reaching the target site [115]. In cancer, many anti-
tumor drugs are excreted by the liver due to their small size (6 nm), which results in a lower
drug circulation time. Furthermore, once these conventional DDS are non-selective, just a few
percent of the administrated drug reach the target site. This compromises the effectiveness of
the treatment, potentially leading to inadequate drug levels and systemic side effects. The
initial approaches to address these fluctuations involve either increasing the dosage or imple-
menting a regimen of multiple administrations. However, the single dose often gives rise to
more severe side effects and the multiple doses result in drug levels that prove to be either
toxic or ineffective, decreasing patient compliance [116].

To overcome these challenges and maximize bioavailability, drugs must achieve precise
delivery to their target in terms of concentration, timing, and rate. This is when the emerging
new era of DDS assumes a critical role [117].

1.4.1. DDS and Nanotechnology

The integration of nanotechnology into healthcare, known as nanomedicine, has pro-
pelled the creation of innovative DDSs. This encompasses intelligent systems, including NPs,
that can be activated by stimuli like temperature, pH and/or radiation, facilitating the targeted
release of drugs in response to specific environmental cues. Furthermore, NPs serve dual roles,
functioning as both intelligent systems for drug release and as components of target delivery
systems, enhancing precision in drug transportation (Figure 7) [118], [119], [120]. The primary
goal of a DDS is to transport and deliver therapeutic compounds in a controlled and secure
manner, ultimately enhancing drug's bioavailability. While controlled-release systems focus on
regulating the gradual release of drugs over time, the integration of targeted delivery, whether
through active or passive mechanisms, takes this a step further [121]. Passive DDSs, used for
instance as chemotherapy agents, are systems that exploit the tumor's enhanced permeability
and retention effect (EPR). This effect arises due to the abnormal structure of tumor vasculature
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which exhibit both excessive growth and poorly developed structures with large spaces be-
tween the endothelial cells. These structural irregularities allow drugs to pass more easily from
the bloodstream into the tumor tissue, where they accumulate due to the impaired lymphatic
drainage commonly found in tumors [122]. Alternatively, active DDS involve the incorporation
of specific targeting ligands, such as antibodies, peptides, or other molecules, onto the surface
of the drug carriers that will interact with receptors that are overexpressed on the target cells,
leading to enhanced binding and uptake of the drug delivery system (Figure 7) [123]. As Ehrlich
mentioned, target delivery is a "magic bullet" hitting target cells [123], [124]. These advanced
methods offer precise control over drug release kinetics, extending efficacy and minimizing
adverse effects, while targeted delivery enhances therapy, selectively reaching specific sites of
interest and providing control over pharmacodynamics, toxicity, immunogenicity, and overall
drug efficacy [123].

NPs are characterized by their nanometer scale from 10-100 nm, once NPs smaller than
10 nm are filtered by the kidneys, and larger NPs are rationed by the liver. NPs in the range of
100 nm typically evade clearance by the liver, whereas those around 200 nm may start en-
countering the liver's reticuloendothelial system (RES) for potential clearance. At approxi-
mately 300 nm, NPs are significantly more likely to being cleared by the liver and spleen
through the RES, resulting in reduced circulation time in the bloodstream. However, modifying
the surface properties of these NPs, such as by coating them with polymers or PEGylation,
provides a promising approach to evade RES recognition and uptake. This strategy could pro-
long their circulation in the bloodstream and enhance their effectiveness in therapy [125]. Pol-
ymer NPs, inorganic NPs, liposomes, micelles, and virus-like particles are being used in bio-
medical field to improve not just the monitoring and diagnosis but passive and active target
delivery of drugs for the treatment of several diseases, including cancer [119], [123], [126].
Although NPs are conventionally defined as being between 1 and 100 nm, particles up to 500
nm are also used in drug delivery. Despite not fitting the strict size range, these larger NPs can
still exhibit valuable nanoscale properties such as enhanced cellular uptake, targeted delivery,
and controlled release.
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Figure 7: The different mechanism of action of conventional DDS and NPs. Created with BioRender.com.

For NP to be an ideal vehicle for drug delivery, they must possess specific characteristics.
These include the ability to bypass the immune system, protect the drug from premature deg-
radation, and release it at the intended target site at the ideal rate and concentration. Their
small size, surface area, and tunable properties allow them to deliver drugs directly to the
target site. The high surface area-to-volume ratio of NPs allow efficient interactions with bio-
logical entities, while their small size facilitates enhanced permeability and retention in tissues.
Additionally, they could be modified at the surface, enabling the control of interactions with
biological systems, including the attachment of targeting ligands for specific cell or tissue.
Another factor that makes NPs so attractive for drug delivery is the ability to encapsulate or
adsorb a diverse range of therapeutic agents, simultaneously providing protection from deg-
radation. This is particularly beneficial for poorly soluble hydrophobic drugs, since NPs in-
crease local drug concentration at the target site, enhancing intracellular penetration and im-
proving treatment outcomes in various diseases [119], [127].

1.4.2. NPs for CRC Treatment

In biomedical applications, NPs are promising DDS that can ensure targeted and con-
trolled release of therapeutic agents while enhancing imaging, diagnosis, and theragnostic of
diverse diseases, including cancer [118]. DDS with different compositions, sizes, and properties
allow the delivery of anticancer agents, decreasing drug toxicity and effectiveness [126].

A diversity of passive and target DDS based on NPs are being studied for CRC to improve
the drug's bioavailability and, in consequence, treatment effectiveness [128]. The first DDSs for
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CRC started to emerge in the early 1950s and have since then increased in number and diver-
sity with the significant advancement of nanotechnology [129]. Nanocarriers based on differ-
ent materials, like lipids, polymers, and inorganic substances, has been reported (Figure 8)
[130], [131]. NP’s versatility arises from the ability to select specific materials and formulation
methods, considering the type of drug, release profile, biocompatibility, level of biodegrada-
bility, and the need for functionalization, that allow the creation of specific NPs with the de-
sired size [121].
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Figure 8: Different DDS for CRC treatment. Adapted from [132] and modified with BioRender.com.
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Lipid-based NPs, including liposomes and micelles, are capable of encapsulating both
hydrophobic and hydrophilic drugs within a lipidic environment, ensuring biocompatibility
[133]. They can be tailored for targeted delivery through surface modifications, which en-
hances their therapeutic effectiveness and minimizes side effects. However, they can face sta-
bility issues such as leakage and fusion, and maintaining consistent release profiles can be
challenging. Onivyde® a lipid formulation containing irinotecan was approved for CRC. This
DDS show selective accumulation in the tumor site, an increase in drug blood circulation time,
and a decrease in toxicity [134]. Additionally, inorganic NPs, like silica, gold, magnetic or quan-
tum dots, introduce diversity and show promise for controlled drug release. Inorganic NPs,
offer potential for controlled drug release via external stimuli and can serve multifunctional
roles in drug delivery and diagnostics. Despite their high stability, concerns over biocompati-
bility and non-biodegradability pose significant limitations, as they may accumulate in tissues
and cause long-term toxicity [135]. In contrast, polymeric NPs, like Poly (lactic-co-glycolic acid)
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(PLGA) NPs, also provide controlled and sustained release for both hydrophobic and hydro-
philic drugs, but are biocompatible and biodegradable [136]. Together, these NPs types show-
case a multifaceted approach to advanced DDSs.

Examples of passive-targeting NPs designed for treating CRC consist of oxaliplatin and
resveratrol enclosed within N, O-carboxymethyl chitosan NPs. These particles exhibit improved
solubility, stability, and efficacy against CRC in mice with subcutaneous tumors, surpassing the
performance of the free drug [137]. Lipid NPs act as efficient carriers for a variety of chemo-
therapeutic drugs, such as irinotecan and oxaliplatin, enhancing their stability /n vivo, reducing
systemic toxicity, and overcoming drug resistance in CRC treatment [138].

However, studies suggest that there is a low level of vascularization in CRC making pas-
sive delivery difficult [139]. To bypass this disadvantage, active delivery is being studied to
target receptors overexpressed in CRC cells [140]. Receptors as CD44 receptor, folate receptor,
and EGFR are usually overexpressed in CRC cells. For instance, the antibody Bortezomib en-
capsulated within self-assembled NPs composed of chitosan and chondroitin sulfate materials
effectively targets folate receptors, resulting in notable suppression of colorectal tumor growth
[141]. Additionally, polymer NPs loaded with the antibody anti-EGFR-mAb and the drug 5-
Fluorouracil demonstrate enhanced drug delivery to CRC cells, showcasing the diverse strate-
gies employed to optimize therapeutic outcomes in CRC treatment [142].

Polymeric NPs offer targeted delivery of anti-cancer drugs to CRC cells, minimizing off-
target effects and enhancing therapeutic efficacy, making them a promising approach for CRC
treatment. Furthermore, they stand out for their scalability, chemical and physical stability in
biological environment, ease of modification, ability to be freeze-dried for storage, and their
production aligns seamlessly with Good Manufacturing Practices, offering an advantage over
other systems [143].

1.4.2.1. PLGA NPs

PLGA is one of the polymers often used to synthetize NPs as DDSs conferring to these
systems the advantages described on Chapter 1.4.2. Ongoing research are trying to optimize
polymer NPs design for clinical translation in CRC therapy [144]. PLGA is composed by lactic
acid and glycolic acid units linked by ester bonds and is biodegradable, biocompatible and
present lower toxicity (Figure 9). In addition, PLGA NPs are approved by FDA and EMA for use
as drug delivery systems in humans, being safe and efficient. PLGA NPs can be prepared from
different ratios of monomers, however, that will affect the time of degradation, changing from
several months to several years [145], [146]. For instance, PLGA with a higher content of lactic
acid has been reported to degrade more slowly, while the copolymer 50:50 exhibits faster
degradation [147]. PLGA NPs have been used in tumor-targeted drug delivery, hyperthermia,
photodynamic therapy, and ultrasound with contrast agents [145]. They have also been used
to encapsulate various anticancer drugs, including paclitaxel, doxorubicin, curcumin, and cis-
platin, among others. In the case of delivery cancer drugs, PLGA NPs accumulate in the tumor
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by take advantage of EPR effect [148]. Upon reaching the target site, PLGA NPs suffer endo-
cytosis and are internalize by cancer cells. Within the acidic environment of the tumor micro-
environment, the PLGA NPs undergo hydrolysis. Alternatively, enzymes such as esterases and
proteases present in the tumor microenvironment can also trigger the degradation of PLGA.
These enzymes break the bonds between the lactic acid and glycolic acid monomers, leading
to the degradation of the polymer chain resulting in drug release [149], [150].
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Figure 9: Schematic representation of a PLGA NPs. Adapted from [150] and modified with BioRender.com.

The encapsulation of cancer drugs in PLGA NPs has shown to decrease side effects and
cytotoxicity, and increase the bioavailability, efficacy, and solubility of the drugs. Several stud-
ies demonstrated the enhanced bioavailability achieved through PLGA encapsulation and a
prolonged circulation time associated with less side effects [151], [152]. One crucial aspect that
makes PLGA NPs so tempting is the possibility to alter physical features like size and drug-
loaded efficiency, through the manipulation of synthesis methods parameters. There are sev-
eral methods to form PLGA NPs well established in the literature [153].

1.4.2.2. Virus-like particles as Drug Delivery Systems

Virus-like particles (VLPs) are self-assembling NPs that closely mimic the structural fea-
tures of their parental viruses, typically ranging in size from 20 to 200 nm. Due to the absence
of genetic material, VLPs are incapable of replication, contrarily to viruses, making them safer
to use. While VLPs are well-established for their immunogenicity, primarily in the context of
vaccination, emerging reports highlight their potential application as efficient DDSs, offering
advantages over other delivery platforms. The DDSs approved for the delivery of anti-cancer
drugs are mostly passive delivery [154], [155]. Active counterparts face greater challenges in
progressing to clinical trials. Biological barriers hinder drug penetration to the tumor, while
regulatory impediments and complex manufacturing processes present additional obstacles
to the clinical translation of actively targeted DDSs [156], [157]. VLPs could potentially serve
as vehicles that bypass biological barriers more easily.

The inherent advantages of VLPs in drug delivery include self-assembly, easy manufac-
ture, robust stability, modifiability, biocompatibility, immunogenicity, good size distribution,
and the ability to traverse cellular membranes for targeted cargo delivery. To harness these
favorable characteristics effectively, it is imperative to address challenges such as potential
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clearance through phagocytosis and the elicitation of strong immune reactions [155]. To en-
sure that VLPs can efficiently reach target cells and deliver cargo, the modification of their
surfaces with diverse functional ligands is crucial to circumvent the challenges associated with
phagocytosis clearance and immune response triggers. Additionally, due to the inherent struc-
tural characteristics of VLPs, it is possible to modify them for the loading of proteins, peptides,
nucleic acids, imaging agents, drugs, quantum dots, or various other forms of NPs [158].

VLPs drug delivery relies primarily on endocytosis by targeted cells. Once the engineered
VLPs bind to specific receptors on the cell surface, they are internalized via endocytic pathways.
Within the endosomes, VLPs may undergo pH-dependent conformational changes, leading to
their escape from the endosomal compartment into the cytoplasm. This process allows the
release of encapsulated drugs or therapeutic cargo into the cellular interior, where they can
exert their intended effects. By exploiting endocytosis, VLPs enable targeted delivery of drugs
to specific cell types, enhancing therapeutic efficacy while minimizing off-target effects [158],
[159].

VLPs could be enveloped or non-enveloped and have a single or multiple protein layers.
One crucial aspect of producing VLPs is the choice of the correct expression system. Various
systems, including prokaryotic (bacterial), eukaryotic (yeast, mammalian, insect and plant cells),
and cell-free, are used. Choosing a system capable of expressing the necessary genes, with
adequate post-translational modifications (PTMs) and guaranteeing the appropriate protein
folding is essential to produce effective VLPs. For instance, prokaryotic systems, exemplified
by Escherichia coli; prove to be efficient to produce recombinant proteins and assembling VLPs
but they exhibit limitations in PTMs. Contrarily mammalian expression systems, are proficient
in PTMs, but encounter hurdles related to production yields, time, cost, and scalability. After
expression, VLPs undergo purification steps involving cell lysis, clarification, concentration in
order to enhance VLPs properties [158].

1.4.3. Methods for Polymer NPs Formulation

Several methods could be used for PLGA NPs production. All methods have advantages
and disadvantages. Emulsion-solvent evaporation, nanoprecipitation, salting out and micro-
fluidic are between the methods most used to prepare PLGA NPs. The choice of the corrected
method will depend on the hydrophobic or hydrophilic nature of the encapsulated drug and
on the desire features of the final NPs. Different methods originate NPs with different size,
morphology and charge (Table 1).
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Table 1: Different PLGA NPs synthesis methods with different solvents and surfactants.
Diameter range, advantages and disadvantages associated with each method. Adapted from

[160].
Method Diameter Solvent Surfactant Disadvantages Advantages
range
Double 0.1-10 ym DCM PVA Shear stress Suitable for hy-
emulsion Chloroform Pluronic F68 Size affected drophilic
solvent- Ethyl acetate  Sodium by cargo compounds
evaporation cholate Non-toxic sol-
vents
Single- =50-700 nm DCM PVA Size affected Suitable for lip-
emulsion Chloroform Tween-80 by cargo ophilic
solvent- Ethyl acetate  Pluronic F68 Size affected compounds
evaporation by polymer Solvent evapo-
ration
Nanopre- 80-700 nm  Acetonitrile PVA Size affected Low energy
cipitation Acetone Poloxamer by polymer consumption
Ethanol Poloxam- concentration No high share
ines forces
Emulsifica-  100-500 nm  Acetone PVA Poor encapsu- Minimizes
tion/salting- THF Poly (vinyl lation stress to pro-
out DMSO Pyrrolidone) efficiency tein
Low yield cargo
High polydis- Good for heat
persity sensitive sub-
stances
Microfluid- ~ 200-1000 DCM PVA Slow diffusive Monodisperse
ics nm DMSO  Tween- mixing droplets
20/80

The single emulsion-solvent evaporation method and nanoprecipitation method are two

of the most employed techniques for encapsulating hydrophobic drugs making them prom-

ising methods for attempting to encapsulate THEDES [160], [161].
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1.4.3.1. Emulsion method

The emulsion-evaporation method is a fundamental technique to formulate PLGA NPs.
The single emulsion is employed when encapsulating hydrophobic drugs, while the double
emulsion is utilized for hydrophilic drugs. In the first case, PLGA is dissolved in an organic
solvent and emulsified with an aqueous phase containing a surfactant. The surfactant stabilizes
the resulting water-in-oil emulsion, preventing coalescence of droplets. Stirring or sonication
homogenizes the emulsion, and subsequent stirring allows the organic solvent to evaporate.
The evaporation process leads to the formation of PLGA NPs within the aqueous phase. After
complete evaporation, PLGA NPs are collected through methods like centrifugation, with ad-
ditional washes to remove residual surfactant or solvent (Figure 10) [160].
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Figure 10: Doble Emulsion-Evaporation method for the formation of polymeric NPs. Adapted from [162]
and modified with BioRender.com

Factors such as the choice of surfactant, polymer concentration, and evaporation rate
influence the size, morphology and others characteristics of the NPs. The surfactant selection
not only stabilizes the emulsion but also impacts NPs surface properties. Varying surfactants
can result in different sizes and charges, affecting interactions with biological systems. Poly-
sorbate 80, vitamin E-TPGS, and polyvinyl alcohol (PVA) are surfactants commonly used [163].
The concentration of PLGA in the organic phase influences NPs size, with higher concentra-
tions leading to larger particles, influences drug-loading and drug release kinetics. Addition-
ally, the evaporation rate during particle formation is critical; rapid evaporation yields smaller
and more homogeneous particles, while slower evaporation may result in larger and polydis-
perse NPs. Careful manipulation of these parameters allows for tailored adjustments in PLGA
NPs characteristics, ensuring precise control over NPs properties, making it a versatile and
reproducible approach for specific biomedical applications, particularly in drug delivery sys-
tems. [164]. However, it requires optimization and customization for each drug, as different
drugs may influence the NPs formation process differently.
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1.4.3.2. Nanoprecipitation method

Nanoprecipitation is an attractive method, due to be simple, conducted in a single step,
exhibits good reproducibility, and does not demand high energy input, resulting in small NPs.
In this method the polymer is dissolve in an organic phase and dropwise in aqueous phase
under stirring. A separation phase will occur and the organic solvent will evaporate allowing
the formation of the NPs (Figure 11) [165], [166].
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Figure 11: Nanoprecipitation method for polymeric NPs synthesis [166].

Acetone and acetonitrile are frequently employed as solvents in the organic phase due
to their immiscibility with water. The inclusion of surfactants is not mandatory for NPs formu-
lation, yet they can serve to stabilize the NPs, enhance their dispersion, or regulate their size
and shape. However, there are some protocols in literature that have reported stable NPs
formed by nanoprecipitation without using a surfactant [167], [168] . The polymer and surfac-
tant concentration, the speed of rotation and evaporation could impact the size of the NPs.
Typically, a decrease on the concentration of both polymer and surfactant leads to small NPs
[169].

1.4.4. VLPs Loading methods

Loading substances into VLPs necessitates a comprehensive understanding of their
structure and composition. Different strategies to load cargo into VLPs could be applied
(Figure 12).
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Figure 12: Different strategies for loading cargo into VLPs: a) Self-assembly-disassembly of the capsid induce
by variation on pH or buffer. b) Infusion c) Genetic engineering d) Bioconjugation. Adapted from [170].

The self-assembly strategy consists of inducing changes in pH ionic strength and buffer
conditions, affecting the interaction of the capsid proteins, which are responsible for main-
taining the VLP structure. This results in capsid disassembling. Next, using buffer exchange
methods, it is possible to assemble the VLP and loaded the desired cargo. The infusion tech-
nique takes advantage of the fact that VLPs have small spaces and could work as channels for
small molecules to be incorporated inside them. This technique is based on the fact that these
spaces could increase in size with changes in the pH or ionic strength through the application
of chelators to remove ions. In cases where the cargo consists of proteins or peptides, an
alternative approach involves genetic engineering. This involves inserting the genetic code of
the cargo into the vector alongside the genetic code of the capsid. Moreover, conjugating the
cargo outside of the VLP using functionalized groups of amino acid chains could be a good
approach for small molecules [171].

The strategy used to load the cargo will depend on the type of cargo and the VLP struc-
ture [170]. For instance, a study developed DOX-FA-VLPs, conjugating doxorubicin to the ex-
ternal surface of Hepatitis B VLPs functionalized with folic acid for active delivery. This innova-
tive DDS exhibited increased cellular uptake in breast and CRC cells, showcasing its potential
for targeted and effective cancer treatments [172]. Additionally, Physalis mottle virus (PhMV)
VLPs have been used as carriers to deliver DOX and cisplatin, showing an increase in thera-
peutic efficiency. In this case, DOX loading in the interior of PhMV VLPs was made by covalent
and non-covalent reactions, and cisplatin was conjugated to the cysteines present in the inte-
rior of the VLP [173], [174].

DDs such as NPs and VPLs, have emerged as promising strategies to enhance drug bio-
availability and minimize side effects. However, to achieve successful therapeutic outcomes,
these DDS must possess optimal characteristics, including precise size, charge, morphology,
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and surface chemistry, which can be tuned by selecting appropriate methods and varying for-
mulation parameters. These factors are crucial for ensuring that the delivery system effectively
targets the desired site and maximizes the therapeutic efficacy of the drug.
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AIM

The primary objective of this thesis was to directly load THEDES, which have already
demonstrated antiproliferative and anti-inflammatory actions against CRC, into VLPs. How-
ever, this approach faced a significant challenge due to the hydrophobic nature of THEDES,
which was incompatible with the hydrophilic interior of the VLPs, thereby complicating direct
encapsulation. To overcome this obstacle, we shifted our strategy to first encapsulate THEDES
within polymeric NPs composed of PLGA.

For the formulation of stable, small, and monodisperse NPs, various parameters were
optimized, including concentrations of PLGA and surfactants, organic solvent used, surfactant
type, and organic/aqueous phase ratios. The DDSs obtained were characterized using different
techniques such as Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), Dynamic Light Scattering (DLS) and Attenuated Total Reflectance-Fourier Transform
Infrared Spectroscopy (ATR-FTIR).

To quantify the encapsulation efficiency of THEDES within the PLGA NPs, both direct and
indirect quantification methods were employed using High-Performance Liquid Chromatog-
raphy (HPLC).

To assess the cytotoxicity and therapeutic action of both empty and THEDES-loaded NPs
on normal colorectal cells and CRC cells, cytotoxicity and antiproliferative assays were per-
formed, using Caco-2 and HT29 cell lines, respectively. Direct and indirect contact between
NPs and cells was tested. Direct contact was established through the direct addition of NPs,
while indirect contact was mediated by employing NPs leachables. Additionally, NPs encapsu-
lating hydrophobic and hydrophilic fluorescent probes were synthesized and exposed to cells
to assess their cellular internalization.

Part of the work herein described has been internationally presented at the 3™ Annual
Nanoseries Conference at Instituto Superior Técnico, Lisboa and was awarded a best poster
presentation.
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3.
Materials and Methods

3.1. Preparation of THEDES

Menthol (Me; Sigma, Cat. No. W266507-1000) and ibuprofen (IBU; Alfa Aesar, Cat. No.
B20989) were combined in a 3:1 molar ratio to form a therapeutic deep eutectic system. The
mixture was heated to 50 °C and stirred continuously until a homogeneous phase was
achieved (5-10 minutes). After THEDES formation, the eutectic mixture was allowed to cool

down at room temperature.

3.2. PLGA NPs synthesis

Two methods were tested for the preparation of NPs, the single emulsion solvent-evap-
oration method and the nanoprecipitation method.

3.2.1. Single emulsion solvent-evaporation method

Me:IBU (3:1)-loaded PLGA NPs were prepared adapting the method reported by McCall
R et al, (Figure 13) [175]. Briefly, various concentrations (25, 50, and 100 mg/L) of PLGA (50:50,
40000 — 75000 g/mol, Sigma, Cat. No. P2066-0001S) and 14.5 mg of THEDES were dissolved
in 2 mL of dichloromethane (DCM) (Honeywell, Cat. No 32222-1000), and allowed to dissolve
completely overnight. The emulsion was formed under vortex mixing by adding the PLGA +
THEDES solution into 10 mL of distilled water containing PVA (wt 30.000 - 70.000 g/mol, Sigma,
Cat. No. P8136-0250) at concentrations of 3 % and 5 %. The sample was then sonicated three
times using Sonics Vibracell VCX 750 with 1/4 probe (40 % amplitude, 10 seconds on, 10 sec-
onds off, operating at 750 W, for 30 seconds). Then, the emulsion was added to 37 mL of
distilled water containing 0.5 % or 0.3 % PVA, and DCM was evaporated for 3 hours. After
solvent evaporation, the NPs were collected by ultracentrifugation at 30,000 rpm for 20
minutes and washed 2-4 times to remove residual surfactant. Empty NPs were prepared using
the same protocol without the addition of THEDES. The resulting NPs were lyophilized with
trehalose (using half of the PLGA mass of trehalose) and stored at -20 °C.
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Figure 13: Schematic representation of the behavior of all the molecules involved in PLGA NPs formulation
via single emulsion-solvent evaporation. Created with BioRender.com.

3.2.2 Nanoprecipitation method

In this case, THEDES-loaded PLGA NPs were prepared using a modified method inspired
by Hernandez-Giottonini et a/, (Figure 14) [176]. Initially, PLGA at concentrations ranging from
12.5 to 50 mg/mL were dissolved in 4 mL of acetone (AC) and left overnight for complete
dissolution, and the amount of THEDES corresponding to 2 times the ECso (14.5 mg) was added
to the completely solubilized PLGA solution. Afterwards, the amount of THEDES was increased
to 100 pL. The polymer solution was then added slowly drop by drop to 12 mL of distilled
water or PBS (phosphate buffered saline) under stirring at 400 rpm, and AC was left to evapo-
rate for 3 hours. Subsequently, the NPs solution underwent dialysis against 50 mL of distilled
water for 3 days, with a medium change after the initial 24 hours. The dialysis supernatant was
saved for further HPLC analysis. Finally, some NPs were lyophilized and stored at 4 °C, while
others were not lyophilized for optimization purposes. Empty NPs were synthesized using the
same protocol, but THEDES was excluded from the formulation. Furthermore, NPs loaded with
hydrophobic fluorescent probes or hydrophilic fluorescent probes were synthesized using the
method described above. The hydrophobic probes were incorporated into the organic phase,
while the hydrophilic probes were introduced into the aqueous phase.
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Figure 14: Schematic representation of the behavior and methodology of PLGA NPs prepared using the
nanoprecipitation technique. Created with Biorender.com.

3.3. PLGA NPs characterization

In order to characterize and evaluate the produced NPs, different characterization tech-
niques were used, such as SEM, TEM, FTIR and DLS.

3.3.1. Scanning Electron Microscopy

Free and loaded Me:IBU (3:1) PLGA NPs were characterized by SEM using a Regulus 8220
(Tokyo, Japan), operating at 5 and 15 kV. Dry PLGA NPs were carefully positioned on conduc-
tive carbon tape applied to a SEM sample holder. To enhance conductivity and minimize
charging effects during imaging, a sputtered thin gold layer was added to the NPs. Various
magnifications were used to capture images that provided insights into the morphology, size
distribution, and surface characteristics of the PLGA NPs.

3.3.2. Transmission Electron Microscopy

The samples were analyzed by TEM using a Hitachi 8100 microscope (Tokyo, Japan) and
were directly applied to the TEM grid for imaging. Samples that were not lyophilized were air-
dried prior to application. TEM provides high-resolution images to analyze the structure and
size of NPs, while SEM offers detailed surface morphology and also size information, making
them complementary techniques for comprehensive NPs characterization.

3.3.3. Dynamic Light Scattering

DLS was employed to measure the hydrodynamic diameter, size distribution, and charge
of NPs in suspension using a Malvern Nano ZS Zetasizer (Worcestershire, United Kingdom)
with a 633 nm laser diode from PROTEOMASS Scientific Society (Caparica, Portugal) facility.
The NPs solution was directly placed into the cuvette, and measurements were conducted by
analyzing fluctuations in scattered light induced by Brownian motion. This motion arises from
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collisions with rapidly moving fluid molecules. Each measurement were performed in triplicate
to ensure reproducibility.

3.4. Fourier Transform Infrared Spectroscopy

ATR-FTIR was used to analyze the presence of chemical interactions on loaded NPs be-
tween PLGA and THEDES components (Me:IBU (3:1)), as well as to assess the interaction be-
tween PVA and PLGA in the empty NPs. Infrared spectra were obtained using a Spectrum Two
spectrometer for Perkin Elmer (Madrid, Spain) in Attenuated Total Reflectance mode, scanning
samples from 4000 to 450 cm™ with a resolution of 16 cm™ under ambient conditions.

3.5. Osmolarity

The osmolarity of the various NPs samples was measured to assess their compatibility
for cell culture experiments. Osmolarity was determined using a KNAUER EO006XC osmometer
(Berlin, Germany), which was calibrated according to the manufacturer's instructions before
each measurement. Each sample, along with its corresponding dispersion medium, was pre-
pared in triplicate, and the osmolarity values were recorded in milliosmoles per liter (mOsm/L).
All measurements were performed in triplicate and at room temperature to ensure con-

sistency.

3.6. Determination of encapsulation efficiency

The encapsulation efficiency for loaded Me:IBU (3:1) PLGA NPs formulated by nanopre-
cipitation was determined by HPLC using both direct and indirect methods. The direct method
involved calculating the ratio of the amount of encapsulated THEDES divided by the total
amount of THEDES used for the NPs formulation, as presented on Eq. 2.

Encapsulated THEDES (mg)

E lati ici %) = x 100
ncapulation ef ficiency (%) Total amount THEDES (mg)

Eq. 1

For direct determination, the NPs were dissolved in acetone and subjected to an ultra-
sonic bath for 30 minutes to ensure complete degradation. The samples were then filtered
using a non-sterile hydrophilic PTFE syringe filter with a 0.22 um pore size and 13 mm diameter
(Filter Lab, Barcelona, Spain) and analyzed by HPLC. HPLC analysis was performed according
to Ascar L et al, with some modifications [178]. A Thermo Scientific Finnigan Surveyor system
(Thermo Scientific, Waltham, MA, USA) was used, featuring a quaternary pump, solvent degas-
ser, autosampler, and column oven, paired with an Accela UV-Vis detector (Thermo Scientific,
USA). Each sample injection volume was 10 pL, with a flow rate of T mL/min, into an Agilent
Eclipse XDB-C18 column, which has a 5 um particle size, 100 A pore size, and dimensions of
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250 mm x 4.6 mm. The column temperature was maintained at 30 °C. Chromatographic sep-
aration was achieved using a mobile phase of 50 mM KH2PO4 (pH 4.2) and acetonitrile in a
65:35 (v/v) ratio. IBU quantification in the samples was achieved by measuring absorbance at
220 nm and comparing the results with a calibration curve of Me:IBU (3:1) prepared in the
mobile phase.

For indirect determination, the supernatant resulting from dialysis was analyzed by HPLC
using the same method described above. The encapsulation efficiency was calculated by the
ratio of the difference between the total amount of THEDES and the amount of THEDES pre-
sent in the dialysis supernatant (free THEDES that was not encapsulated) divided by the total
amount of THEDES, as shown on Eq. 3.

] o Total amount THEDES (mg) — Free THEDES (mg)
Encapsulation ef ficiency (%) = Total amotunt THEDES (mg) x 100

Eq. 2
3.7. Cell viability analysis

3.7.1. Cell line

The HT29 cell line, obtained from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ), Germany, was originated from a primary tumor of colorectal adenocarci-
noma removed from a 44-year-old Caucasian female patient (Figure 15 A). These adherent
epithelial cells are an invaluable model for studying CRC, replicating key features of the disease

such as high proliferative capacity and genetic mutations commonly found in CRC.

:"'V:B \4) /
R AD

SR Tew 4 35

Figure 15: Microscope images of the cellular lines A) HT29 and B) Caco-2.

The Caco-2 cell line was also obtained from DSMZ, Germany. Caco-2 cells originate from
the colon tissue of a 72-year-old Caucasian male diagnosed with colorectal adenocarcinoma.
This cell line has the capability to differentiate and establish a polarized monolayer, character-
ized by tight junctions and microvilli that closely replicate the intestinal epithelium (Figure 15
B). Utilized extensively in research, Caco-2 cells are indispensable for assessing how different
compounds impact colorectal cells [177].
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3.7.2. Cell culturing and sub-culturing

The HT29 cells were cultured using Gibco Roswell Park Memorial Institute (RPMI, Corn-
ing, USA) 1640 medium with phenol red, supplemented with 10 % (v/v) heat-inactivated fetal
bovine serum (FBS, Corning, USA) and 1 % (v/v) penicillin-streptomycin (PS, Corning, USA).

Cell culture was maintained as a monolayer in 75 cm? culture flasks (Falcon, Corning,
USA) until it reaches 80-90 % of confluence, in a humidified environment at 37 °C with 5 %
CO:.. Then, cells were sub-cultured. For that, medium was removed, and the cells were washed
with 5 ml of PBS to ensure the total removal of supplemented culture medium. After that, 3
mL of trypsin (Corning, USA) was added for approximately 10 minutes at 37 °C, in order to
break cell-cell and cell-surface connections. Following this, the trypsin enzyme activity was
neutralized by adding 7 mL of supplemented culture medium. Subsequently, cells were trans-
ferred to new culture flasks at an appropriate dilution to continue growth.

Caco-2 cells were cultured in the same conditions of HT29 and using the same supple-
mented culture medium. Additionally, the subculturing process was also similar, with the ex-
ception that Caco-2 cells were detached using accutase (Millipore, Germany) instead of trypsin.

3.7.3. Antiproliferative assay

The impact of empty and Me:IBU (3:1)-loaded NPs on CRC cells viability was evaluated
by Methyltetrazolium Salt (MTS) assay. For this purpose, HT29 cells were collected from culture
flasks as described on Chapter 3.6.2, and from the 10 mL of cells suspension, 100 yL were used
to count cells and determine cell concentration.

Cells were counted using a Neubauer hemocytometer. Cells were diluted in trypan blue
reagent and counted under a microscope at low magnification. Trypan blue will allow to dif-
ferentiate live cells form death cells, since cells colored blue are dead (Figure 16). The viability
of the culture should be at least 95 % in the log phase.

Add the cells to the trypan blue Add sample to hemocytometer and analyze
H2 P E{ypan cell viability under a microscope
. . _ ue
~ CELLS&. / Viable cell
/ e p A (unstained)
‘ _::-‘ ’ — Fiil 0 Apoptotic
| + gy | cell
Hemocytometer (stained)

1:4 dilution

Figure 16: Cell counting using trypan blue. Created with BioRender.com.

The concentration of cells was determined as follows on Eq.1.
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number of cells counted

Cell concentration (cell/ml) = x dilution factor x 10*

number of squares
Eqg. 3

The cells solution was prepared at a concentration of 1x10° cells/ml, with 100 pl added
to each of the central 60 wells, being the surrounding wells filled with water. Following prep-
aration, cells were incubated for 24 hours in a humidified environment at 37 °C with 5 % CO..

Following the 24 hours incubation period, the cell culture medium was removed from
the plate, and two different approaches were used to evaluate the antiproliferative activity of
empty and THEDES-loaded NPs. Direct contact experiments were conducted using both ly-
ophilized and non-lyophilized NPs. For the lyophilized NPs, concentrations ranging from 0 to
20 mg/mL were prepared. For the non-lyophilized NPs, which were formulated in water and
PBS, the samples obtained after dialysis were diluted in several ratios: 1:1.5, 1:2, 1:3, 1:4, and
1:8. Each concentration was applied to cells in triplicate wells, with additional wells serving as
controls. The NPs-cell contact was maintained for 24 hours.

For indirect contact experiments, leachables from the lyophilized NPs (empty and
loaded) were prepared in concentrations ranging from 0 to 20 mg/mL and left 24 hours in a
37 °C bath under agitation. The leachabels were just done for the lyophilized NPs. After incu-
bation, the NPs solutions were filtered and placed in contact with cells, in triplicate wells, leav-
ing control wells.

After 24 hours of exposer, the solutions containing NPs and leachables were removed,
and cells were washed at least twice with PBS. Subsequently, cells viability was analyzed using
MTS reagent with a concentration of 16 %, diluted 1:10 in RPMI medium supplemented with
0.5 % FBS, and incubated between 2:30 hours and 3 hours at 37 °C with 5 % CO.. Absorbance
was then measured at 490 nm using a spectrophotometer (Perkin Elmer, Victor Nivo 3S) to
assess cell viability. The results present were obtained from at least duplicate experiments.

3.7.4- Cytotoxicity assay

The viability of normal colorectal cells in response to both empty and Me:IBU (3:1)-
loaded NPs was evaluated using the MTS assay. Caco-2 cells were subcultured upon reaching
80-90 % confluence, following the previously described protocol. Cell concentration was de-
termined using a Neubauer hemocytometer, with cells stained with trypan blue and counted
under a low magnification microscope. Cell concentration was subsequently calculated using
Eqg. 1.

A cell solution was prepared at a concentration of 2x10° cells/mL, and 100 pL was added
to each of the central 60 wells, being the surrounding wells filled with water. The cells were
incubated for 7 days in a humidified atmosphere at 37 °C with 5 % CO.. After a 7-day incuba-
tion period, during which the medium was replaced after 2-3 days, the culture medium was

35



removed from the plate. The cytotoxic effects of empty and THEDES-loaded NPs on Caco-2
cells were then evaluated using the same two approaches that was used in proliferation assay
for HT29. Briefly, the direct contact experiments were done using lyophilized and non-lyophi-
lized NPs. The lyophilized NPs were prepared with concertation range of 0 to 20 mg/mL and
the non-lyophilized NPs, prepared in water and PBS, were diluted in several ratios: 1:1.5, 1:2,
1:3, 1:4, and 1:8. The NPs solutions were applied to cells in triplicate wells, with control wells
included for comparison. The NPs-cell contact lasted for 24 hours.

For the indirect contact assays executed just for the lyophilized NPs, the same range of
concentrations from 10 to 20 mg of NPs were prepared and agitated at 37 °C for 24 hours.
Post-incubation, the NPs solutions were applied to cells in triplicate wells, with control wells
maintained separately. After 24 hours, the solutions were removed, and the cells were washed
with PBS. Subsequently, cells were exposed to MTS reagent, and cell viability was measured at
490 nm using a spectrophotometer. The results reported were derived from at least two ex-
perimental replicates.

3.8. PLGA NPs cellular uptake

For the evaluation of NP cellular uptake, NPs were formulated using the previously de-
scribed nanoprecipitation technique, incorporating FITC, a hydrophilic dye, and Nile Red, an
hydrophobic dye. Specifically, FITC was incorporated into the aqueous phase containing PBS,
while Nile Red was incorporated into the aqueous phase containing water. After NP formula-
tion, we assessed cellular uptake in the HT29 cell line. To do this, HT29 cells were exposed to
NPs containing the dyes for 24 hours, then the media was removed from the cells, and washed
once with PBS. The cells were fixed by adding 10% formalin and incubated at room tempera-
ture for 30 minutes. Following fixation, the formalin was removed and the cells were washed
2-3 times with PBS. A staining solution was prepared by combining 0.13 pL of phalloidin (from
a 0.1 mg/mL stock) and 0.1 pL of the fluorescent dye DAPI (from a T mg/mL stock) in 80 uL of
PBS. This solution was added to each well (80 uL per well) and incubated in the dark for 20-30
minutes. After incubation, the staining solution was removed and the cells were washed 2-3
times with PBS. The cells were then observed under a microscope to analyze NP uptake.
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4.
RESULTS AND DISCUSSION

4.1. Emulsion Solvent Evaporation Method

4.1.1. Preparation of Empty and Me:IBU (3:1)-loaded PLGA NPs formulated

by Emulsion Solvent Evaporation Method

In this study, both empty and Me:IBU (3:1)-loaded PLGA NPs were prepared using the
single emulsion solvent evaporation method. This technique was chosen for its efficacy in en-
capsulating hydrophobic drugs, offering a cost-effective and adaptable approach to NPs pro-
duction. The single emulsion solvent evaporation method is particularly advantageous be-
cause it enables the fine-tuning of NPs properties through adjustments in formulation param-
eters [179]. In this study, the objective was to produce spherical, stable NPs with a diameter
ideally less than 200 nm, optimizing the EPR effect and increasing the likelihood of successful
incorporation of PLGA NPs into VPLS, ultimately enhancing targeted drug delivery efficacy. For
that purpose, two critical factors, known to influence size and morphology, were selected as
variables to refine and reduce NPs size: polymer and surfactant concentrations [180].

For the synthesis of PLGA NPs, PLGA solution, dissolved in DCM, was added to an aque-
ous phase containing PVA, creating an emulsion under vigorous vortex mixing. PVA was se-
lected as the surfactant due to its non-toxicity, hydrophilicity, chemical resistance, and high
biocompatibility [181]. PVA has also been shown to promote the production of smaller, spher-
ical NPs with a narrow size distribution [182]. PVA concentrations of 3 % (v/v) and 5 % (v/v)
were selected based on evidence that these percentages are optimal for producing NPs with
the desirable characteristics [183], [184]. Hernandez-Giottonini et a/, demonstrated that in-
creasing PVA concentration from 1 % to 5 % results in a decrease in NPs size and a more
uniform morphology [176]. After emulsion, NPs are sonicated, to reduce their size, and then
centrifugated to wash the surfactant and the THEDES that do not enter in the NPs. Finally,
trehalose is added to the solution, to avoid crystals formation, and the NPs are lyophilized to
be stored and used on further studies [185]. Empty NPs were first formulated to optimized
these steps, and only after optimizations Me:IBU (3:1)-loaded NPs were synthetized.
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4.1.1.1. Effect of PLGA Concentration

The formulation process involved dissolving PLGA at two different concentrations, 25
mg/mL and 50 mg/mL, in the organic solvent DCM. For the THEDES-loaded PLGA NPs, Me:IBU
(3:1) was also dissolved in DCM in a concentration corresponding to two times the ECso. PLGA
(50:50) was selected due to its extensive use in the biomedical field, attributed to its biocom-
patibility, biodegradability, and non-toxicity, as well as its regulatory approval by both the FDA
and EMA [186]. The 50:50 ratio of lactic acid to glycolic acid in PLGA facilitates a faster hydro-
lytic degradation compared to other ratios, providing a predictable and controlled drug re-
lease profile while reducing the risk of polymer accumulation and associated toxicity [187].
DCM was chosen as the solvent because of its immiscibility with water and its rapid evapora-
tion properties, which are crucial for achieving smaller NPs, a key factor in optimizing drug
delivery systems [188].

The choice of PLGA concentrations (25 mg/mL and 50 mg/mL) was based on published
research indicating that higher polymer concentrations typically result in larger NPs size and
enhanced encapsulation efficiency [189], [190], [191].

In this study, SEM analysis was used to evaluate the size and shape of polymeric NPs
formulated with variable concentrations of PLGA while the other parameters are kept constant.
The results suggest that an increase in polymer concentration from 25 mg/mL to 50 mg/mL
led to an increase in the size diameter of the NPs. Specifically, NPs prepared with 25 mg/mL
of PLGA and 5 % PVA showed a size distribution ranging from 88 to 185 nm. When the PLGA
concentration was increased to 50 mg/mL, while keeping the PVA concentration at 5 %, the
resulting NPs exhibited a higher size diameter, ranging from 108 to 193 nm. Additionally, ag-
gregation is equally visible in both conditions (Figure 17).
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Figure 17: SEM photomicrograph of empty PLGA NPs. A) PLGA NPs formulated with 25 mg/ml of PLGA
and 5 % of PVA; B) PLGA NPs formulated with 50 mg/ml of PLGA and 5 % of PVA.

The direct correlation between PLGA concentration and NPs size observed in previous
studies aligns with our results, confirming that within this concentration range, higher polymer
concentrations generally lead to larger NPs [191], [192], [193], [194], [195]. Budhian et a/, in-
vestigated the impact of PLGA concentrations on both particle size and drug loading efficiency
and demonstrated that PLGA NPs formulated with concentrations ranging from 5 mg/mL to
66 mg/mL exhibit an increase in size from approximately 190 nm to 250 nm, accompanied by
improved drug loading efficiency from about 1 % to 2.5 % [193]. Rana Bakhaidar et a/, reported
a significant increase in the size of PLGA-polyethylene glycol (PEG) NPs as the polymer con-
centration increased from 10 mg/mL to 100 mg/mL, resulting in a size increase from 111.55
nm to 576.19 nm [192]. Similarly, Sayantan Ray et a/, demonstrated a direct correlation be-
tween increased PLGA concentration and NPs size, showing that a gradual increase in polymer
concentration from 20 mg/mL to 60 mg/mL led to a size increase from 140 nm to 300 nm
[194]. These could be due to the increase of viscosity of the organic phase as reported by Wei
Huang et al, that saw an exponential increase in viscosity when the PLGA concentration in-
creases from 0.1 mg/mL to 10 mg/mL reflected in the decreasing of the organic solvent coef-
ficient diffusion [191]. Furthermore, D. Cun et a/, also reported an increased in viscosity when
increasing PLGA concentration from 20 to 60 mg/mL [195]. This increase of viscosity in the
organic solution impairs the formation of small droplets due to the higher internal friction
between the liquid molecules. This restricts the solution’s ability to flow and disperse effec-
tively. As a result, the thicker, more viscous solution resists breaking into finer droplets during
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the formulation process. Consequently, this resistance leads to the formation of larger drop-
lets, which results in larger NPs after solvent evaporation [196].

Furthermore, this thesis aims to develop a DDS specifically for the targeted delivery of a
THEDES formulation to CRC cells. To achieve this, the DDS must ensure controlled and sus-
tained release of the drug to maintain a sufficiently high concentration of THEDES within the
tumor microenvironment. Additionally, the system must facilitate efficient cellular uptake to
maximize therapeutic efficacy while minimizing off-target effects. These factors are heavily
influenced by the size of the NPs. NPs within the size range of 100 nm to 200 nm are generally
considered optimal for controlled and sustained release, as well as for efficient tumor accu-
mulation [197]. This is supported by Schadlich et a/, who found that PEG-PLA NPs sized be-
tween 111 nm and 141 nm accumulated efficiently in tumors, whereas slightly larger particles
(166 nm) were rapidly cleared by the liver [198]. In contrast, Sudhir et a/, demonstrated that
larger PLGA microparticles (1-10 um) improved the efficacy of paclitaxel against breast tumors
compared to smaller NPs (315 nm) [199]. Our findings, with NPs ranging between 88 nm and
193 nm, suggest that both conditions fall within a size range conducive to achieving effective
tumor targeting and sustained drug release.

SEM results also demonstrate that the NPs have similar spherical morphology independ-
ent on PLGA concentrations. The ideal shape of the NPs to achieved a good therapeutic out-
come is not straightforward. Kaplan et a/, found no significant differences in tumor accumu-
lation among spherical, rod-shaped and elliptical disk-shaped NPs in non-small cell lung can-
cer, although spherical particles showed higher drug release [200]. In CRC, Tchoryk et a/, found
that smaller spherical NPs (30-50 nm) penetrated tumor spheroids more efficiently than larger
ones (100 nm) [201].

An important observation to notice is that although these measurements provide a pre-
liminary indication of the size distribution and visual insights of NPs stabilization, it is im-
portant to acknowledge that the size data were obtained by measuring the diameters of only
7-9 NPs, which is a relatively small sample size that may not fully capture the variability within
the population of NPs. Further studies and programs that offer a more comprehensive and
statistically robust analysis of NPs size distribution were not pursued here because the NPs
were aggregated and, therefore, not suitable for future applications.

4.1.1.2. Effect of PVA Concentration

To achieve stable and small NPs, surfactants play a key role by reducing surface tension
between the organic and aqueous phases, thereby enhancing particle solubility. We tested
PVA concentrations of 3 % (w/v) and 5 % (w/v) while maintaining a constant PLGA concentra-
tion. Interestingly, SEM analysis of empty PLGA NPs revealed that varying the PVA concentra-
tion within this range did not significantly impact NPs size, suggesting that within these levels,
PVA concentration is not a critical factor in controlling NPs dimensions (Figure 18 A and Figure
18 B). Moreover, the NPs in this study are not stable demonstrating a tendency to aggregate.
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Figure 18: SEM photomicrograph of PLGA NPs formulated with different PVA concentrations A) Empty
PLGA NPs with 50 mg/ml of PLGA and 5 % PVA; B) Empty PLGA NPs with 50 mg/ml PLGA and 3 % PVA; C) PLGA
NPs formulated in the presence of Me:IBU (3:1) with 50 mg/ml PLGA and 3 % PVA.

Although these early results do not give a clear picture of NPs size, and more character-
ization studies, like DLS, are needed for precise size measurement, it is surprising that changing
the PVA concentration did not significantly affect NPs size. Instead, increasing PVA concentra-
tion led to aggregation, which was not anticipated, since increased surfactant concentration is
typically associated with improved stabilization and reduced aggregation. Higher surfactant
concentrations stabilize smaller NPs by further reducing surface tension during their for-
mation. For instance, Song X et al, observed a decrease in PLGA NPs size from 522 nm to 380
nm as PVA concentration increased from 0.5 % (w/v) to 5 % (w/v) [202]. Similarly, Sawasdee et
al, found that increasing PVA concentration from 1 % to 5 % led to a reduction in NPs size
from 259 nm to 179 nm, with further increases up to 10% showing no significant size reduction
[203]. Conversely, Ozturk K et al, achieved smaller NPs with 2 % (w/v) and 3 % (w/v) PVA
compared to higher concentrations [204].

Surfactant molecules interact with NPs surfaces by adsorbing to them, which reduces
surface energy. This reduction in surface energy minimizes the overall free energy of the sys-
tem, stabilizing the particles at a size that achieves the lowest energy state. Consequently, the
particles tend to attain a uniform size as the surfactant helps balance and stabilize them. At
high surfactant concentrations, there is enough surfactant to effectively cover the particle sur-
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faces, leading to a decrease in average particle size and a narrower size distribution. Addition-
ally, the surfactant reduces surface tension and prevents aggregation, resulting in smaller and
more uniformly sized NPs [205]. A possible explanation for the aggregation observed and lack
of significant change in NPs size with increasing PVA concentration is the occurrence of sur-
factant oversaturation. When PVA becomes oversaturated, it can increase the solution's vis-
cosity, leading to the clumping and aggregation of particles. Rather than producing a uniform
size, this can result in a bimodal or even polymodal size distribution. In such cases, the NPs
may vary widely in size and form clusters due to the excessive surfactant disrupting the stabi-
lization process [206].

Furthermore, NPs loaded with Me:IBU (3:1) using 50 mg/mL of PLGA and 3 % PVA also
exhibited similar aggregation behavior (Figure 18 C). However, a comparison between empty
NPs and Me:IBU (3:1)-loaded NPs, both formulated with 50 mg/mL of PLGA and 3% PVA,
seems to reveal an increase in overall NPs size for the loaded formulation. This could suggest
some level of encapsulation. However, these results are not sufficient to confirm this, and fur-
ther drug encapsulation efficiency quantification is needed. However, if the encapsulation of
Me:IBU (3:1) was successful, the encapsulation did not affect NPs morphology.

TEM characterization was also conducted, nonetheless, the analysis was unsuccessful
because the NPs degraded upon exposure to light during the imaging process (Figure 19).

e

Figure 19: TEM results of empty NPs synthesized with 25 mg/mL PLGA and 5 % PVA.

4.1.2. Chemical Characterization of NPs

With the aim to elucidate the fundamental composition of the formulation and verify
the successful incorporation of these polymers into the NPs matrix, FTIR reveal key interactions
between PLGA and PVA, evident from the characteristic shifts in peak positions. The PLGA

spectrum is marked by a prominent absorption band around 1738 cm™

, corresponding to
C=0 stretching of ester groups, a signature feature of the PLGA backbone. In the PVA spec-
trum, the broad band observed between 3383 cm™, attributed to O-H stretching, is indicative
of hydroxyl groups. In the spectra corresponding to 25 mg/mL and 50 mg/mL PLGA NPs, a
noticeable shift in the O-H stretching band occurs, suggesting hydrogen bonding or other
forms of molecular interaction between the PVA and the PLGA. The C=0 stretching band also
displays minor shifts, suggesting an interaction at the molecular level, possibly through hy-

drogen bonding. Furthermore, the absence of the O-H stretching band in the 50 mg/mL PLGA
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formulation indicates more pronounced interactions between PLGA and PVA, likely due to
hydrogen bonding. This interaction effectively masks the O-H groups, leading to the attenua-
tion of their signal in the FTIR spectrum (Figure 20).

¢® &&o @bﬁ‘b&%‘b@ v&y
N O AT 9 >
S S &
_ > > V'R <
I l— YV AN -
/\\/\ 25 mg/mLPLGANPs | 1/ o
| |l ’ \ A |
(5 % PVA) ‘\ Vi |
Il |
| | Y
] \
N e

T\ m\w
(5 % PVA)

PLGA

T T T T T T T ! T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)

Figure 20: ATR-FTIR analysis of the PLGA NPs with 25 mg/mL (5 % PVA) and 50mg/mL of PLGA (5 % PVA),
PLGA and PVA.

4.1.3. Optimization of Emulsion Solvent Evaporation Method to Avoid Ag-
gregation

Our primary goal was to obtain small and stable NPs, so before conducting detailed
characterization to validate our findings and for further formulation of NPs with the desire
features, it was crucial to first address the aggregation issue. We encountered significant dif-
ficulties in resuspending NPs after ultracentrifugation, which was often nearly impossible. In
an attempt to address these issues, we reduced the ultracentrifugation speed to 20,000 rpm,
hypothesizing that a gentler force might prevent the NPs from packing too tightly, thereby
easing resuspension. However, after this change the aggregation still occurred and the NPs
still did not fully deposit, suggesting that surfactant residues and centrifugation likely played
a significant role in particle aggregation. Vauthier C et a/, reported the aggregation of NPs

after ultracentrifugation, leading to a solid and compact pellet impossible to be completely
resuspended [207].
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Furthermore, we also suspected that residual surfactant, which is difficult to remove dur-
ing ultracentrifugation, was causing aggregation. To address this, we increased the number of
washes from 3 washes to 6 washes to remove excess PVA, but the issue persisted, as PVA
continued to remain in the solution. Menon J et a/, mentioned the especially challenging step
to fully remove PVA. This could be to the fact that PVA binds strongly to the hydrophobic
regions of PLGA [208]. Achieving stable and colloidal NPs requires a precise balance in PVA
concentration, too low may not stabilize the particles effectively, while too high can lead to
aggregation. Uskokovi¢ V. et a/, observed PLGA aggregation even with PVA concentrations of
1%, 2 %, and 3 % [209]. The ideal concentration is influenced by multiple factors, such as the
type of organic phase, the organic-to-aqueous phase ratio, and polymer concentration, mak-
ing it difficult to generalize. Additionally, some studies have reported /n vivo toxicity linked to
residual PVA, further emphasizing the need for surfactant removal [210]. Furthermore, PVA
influences NPs cellular uptake, once the NPs are more hydrophilic [211].

Given the persistent challenges associated with PVA, including its difficult removal, po-
tential cytotoxicity, and its tendency to cause NPs aggregation, it became clear that continuing
to optimize PVA concentrations would likely be time-consuming and may not yield the desired
results. Attempts to reduce PVA concentration still resulted in aggregation, while increasing
the number of washes proved ineffective in fully eliminating residual surfactant. Instead of
continuing to experiment with minor adjustments, we recognized that a more efficient ap-
proach would be eliminating the surfactant of the equation. Switching to a nanoprecipitation
method that uses a partially miscible organic phase, eliminating the need for surfactants,
emerged as a promising alternative solution. Our hypothesis is that using this surfactant-free
method we will eliminate the need for extensive purification steps like ultracentrifugation, re-
duce the risk of aggregation due to excess surfactant, and avoid potential cytotoxicity issues
associated with residual PVA. Moreover, the nanoprecipitation process is more streamlined
and can produce smaller and more uniform NPs without the complications introduced by sur-
factants. By adopting this method, we can focus on producing stable and consistent NPs, en-
suring better reproducibility and ultimately achieving our goal of obtaining small and well-
dispersed particles for our intended applications [212], [213].
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4.2. Lyophilized PLGA NPs formulated by Nanoprecipita-
tion

4.2.1. Preparation of Empty and Me:IBU (3:1)-loaded PLGA NPs formu-

lated in water

Surfactant free nanoprecipitation method is a technique recognized for its simplicity,
minimal energy requirements, and capacity to produce stable and small NPs without surfac-
tants, potentially resolving the problems of aggregation and enhancing the effectiveness of
the DDS [214].

In this study, both Me:IBU (3:1)-loaded and empty NPs were formulated using the nano-
precipitation method, with acetone and water serving as co-solvents. Initially, 25 mg/mL of
PLGA were dissolved in acetone, since, based on our prior findings, the reduction of polymer
concentration suggests the production of smaller NPs. This is because the viscosity of the
organic phase, influenced by PLGA concentration, plays a significant role in NPs size. The or-
ganic phase was then gradually added dropwise into an aqueous phase containing distilled
water. The partial miscibility of acetone with water reduces surface tension and helps it diffuse
into the aqueous phase. This diffusion enhances the distribution of the polymer, creating a
stable environment for polymer precipitation. As acetone slowly evaporates, the polymer con-
centration in the organic phase increases, resulting in controlled and consistent polymer pre-
cipitation and the formation of NPs.

The primary challenge encountered with the nanoprecipitation technique was the ag-
gregation of PLGA during the solvent evaporation process (Figure 21).

To address the issue of polymer aggregation during the nanoprecipitation process, we
reduced the PLGA concentration to 12.5 mg/mL. Higher polymer concentrations increase the
viscosity of the organic phase, so lowering the concentration aimed to reduce polymer content
in the solution, thereby minimizing aggregation and improving yield. An interestingly obser-
vation was the fact that during the evaporation process, we observed that the solution of
empty NPs exhibited significantly more PLGA precipitation compared to the solution contain-
ing the THEDES.

This observation suggests that THEDES may influence the stabilization of PLGA NPs, po-
tentially reducing precipitation. Additionally, empty NPs did not form effectively when only
water was used as the aqueous phase, indicating a greater instability in this solvent environ-
ment than anticipated. The aggregation of PLGA when producing empty NPs could be due to
the absence of surfactant agents in the formulation. In contrast, the Me:IBU (3:1)-loaded NPs
benefit from the encapsulated material, which contributes to a more stable core. Without sta-
bilizing components, PLGA are, hence, more susceptible to aggregation.

Furthermore, the lyophilization process appears to exacerbate aggregation. This could
be due to the fact that pre-existing aggregates in the solution may promote the adhesion of
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additional NPs to these filamentous polymer clusters. Despite these challenges, we proceeded
with the characterization of the NPs. This analysis is expected to provide valuable insights into
their physical properties and elucidate the effects of lyophilization and various formulation
parameters. Understanding these factors, as well as the differences between empty and loaded

NPs, will be crucial for optimizing the final characteristics of the NPs.

Figure 21: PLGA aggregates after acetone evaporation.

4.2.2. Characterization of lyophilized PLGA NPs formulated by nano-

precipitation

4.2.2.1 SEM

SEM analysis of the empty NPs confirm the macroscopic observations of NPs aggrega-
tion during the nanoprecipitation technique (Figure 22 A). The images reveal a lamellar, sheet-
like structure typical of lyophilized polymer material, rather than distinct nanoparticles. This
suggests weak structural integrity and a higher tendency for aggregation or collapse during
lyophilization due to the absence of stabilizing agents.
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Figure 22: SEM photomicrograph of A) empty lyophilized PLGA NPs and B) lyophilized PLGA NPs formu-
lated in the presence of Me:IBU (3:1) by nanoprecipitation method.

SEM results of lyophilized Me:IBU (3:1)-loaded NPs also reveals a higher degree of ag-
gregation (Figure 22 B). However, in contrast to the empty NPs, discrete NPs are clearly visible.
These particles appear embedded within polymeric aggregates, highlighting the challenges
inherent to the lyophilization process. While lyophilization was necessary to dry the particles
for SEM imaging, it induced aggregation that likely does not represent the original state of
the NPs. Despite this, the presence of discrete NPs suggests that without lyophilization, the
particles may have remained separate and well-defined, unlike the empty NPs. E.
Trenkenschuh et al/, reported that several factors during lyophilization could lead to NP ag-
gregation. These include a decrease in the distance between particles and a reduction in sur-
face charge, which may result in a predominance of attractive forces over repulsive forces due
to the increased NP concentration caused by rapid freezing [215].

These findings suggest that in the absence of THEDES, NPs are more susceptible to de-
formation and aggregation, leading to structural collapse during lyophilization. In contrast,
THEDES appears to positively impact NPs stabilization. However, additional analyses as DLS or
FTIR would be required to confirm this effect.

The fate of NPs in the human body and their effectiveness as drug delivery systems are
influenced not only by size but also by their surface charge [216], [217]. Therefore, DLS analysis
is a key technique for characterizing NPs, in terms of surface charge, but also in terms of size
distribution and stability. It provides the hydrodynamic diameter of a population of NPs, which
includes not only the core particle size but also the surrounding, as water and/or any other
adsorbed molecules [218].
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42.22.DLS

The DLS analysis of lyophilized Me:IBU (3:1)-loaded NPs yielded a mean hydrodynamic
diameter of 362.4 + 113.7 nm, a PDI of 0.83 + 0.14 and zeta potential of -11.6 £ 0.4 mV, for
one representative batch (

Table 2). This size is notably larger than the typical range reported for PLGA NPs, which
is between 100 and 250 nm [219]. However, as highlight before, the ideal size for this applica-
tion would be between 100 nm and 200 nm for tumor accumulation [197]. Bigger NPs are
more likely to be accumulated in liver and spleen, reducing the percentage of NPs that effec-
tively reach the target [220]. Consequently, the larger size of these NPs may affect their cellular
uptake and overall behavior in biological systems. Additionally, the ideal size for VLPs encap-
sulation is also between 100 nm and 200 nm.

Table 2: DLS results of the lyophilized Me:IBU (3:1)-loaded PLGA NPs and the respective standard devia-
tions (SD).

Size (nm) PDI Zeta potential (mV)

Lyophilized Me:IBU (3:1)
loaded PLGA NPs

3624 £ 113.7 0.83 £ 0.14 -11.6 £ 04

In summary, while the DLS results for the lyophilized Me:IBU (3:1)-loaded NPs indicate a
larger size and higher variability than typically desired, and the zeta potential suggests mod-
erate colloidal stability, the negative surface charge may still confer advantages for biological
applications. Therefore, antiproliferative activity was evaluated in colorectal cancer cells.

4.2.3. Antiproliferative and cytotoxic activity of Lyophilized Empty and

Me:IBU (3:1)-loaded PLGA NPs

The first studies were done with lyophilized empty and Me:IBU (3:1)-loaded NPs, and
were tested on HT29 cells, the CRC model, to assess their antiproliferative effects. The MTS
assay was used to evaluate cell viability by measuring metabolic activity, where metabolically
active cells reduce MTS to formazan. An increase in formazan production indicates that the
cells remain viable and metabolically active [221].

In the initial studies, a concentration between 0 and 20 mg/mL of both empty and
Me:IBU (3:1)-loaded NPs previous lyophilized were directly exposed to HT29 cells for 24 hours,
followed by further incubation for up to 96 hours. This time was chosen to ensure that the NPs
have time to enter the cells.

Results from the initial 24-hour viability assays showed no significant reduction in cell
viability for either formulation, indicating that neither the empty NPs nor the drug-loaded NPs
caused noticeable metabolic disruption (Figure 23 A). The concentrations between 10 and 20
mg/mL relative to Me:IBU (3:1)-loaded NPs are excluded from the graphic because the NPs
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interfered with absorbance measurements, leading to inaccurate values. The observation that
the empty NPs did not impact cell viability suggests that the NPs themselves are non-toxic to
HT29 cells. Similarly, in the 96-hour exposure assay, no significant impact on cell viability and
consequently non-significant antiproliferation effect, was observed for either condition (Figure
23 B). The decrease in viability seen in the graph is likely due to NPs sedimentation at the
bottom of the wells, which could inhibit nutrient exchange and thereby affect cell growth

(Figure 24).
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Figure 23: HT29 Cells Viability upon 24 hours (A) and 96 hours (B) of exposure to the lipolyzed empty and
Me:IBU (3:1)-loaded PLGA NPs.

Figure 24: HT29 after 96 hours exposure of 20 mg/mL of Me:IBU loaded PLGA NPs. A) Visual observation
of the sedimentation at the bottom of the wells; B) Microscopic image of HT29 control; C) Microscopic image of
the well corresponding to 20 mg/mL of Me:IBU (3:1)-loaded PLGA NPs exposer in the end of the MTS assay.

Given that no significant differences in cell viability were observed between the two ex-
posure timelines, if we look just until the 10 mg/mL of NPs, we streamlined our analysis to
focus on a 24-hour exposure period. Since the viability seem to decrease only at 10 mg/mL, a
concentration range of 10 to 20 mg/mL of both empty and drug-loaded NPs was evaluated.

To mitigate potential issues caused by NPs sedimentation in the wells, which could hin-
der respiratory and nutrient exchange, leachables of the empty NPs were also assessed. These
serve as a control to assess whether the PLGA matrix or any excipients used in the formulation
are responsible for any of the observed cytotoxicity. The study comprehensively investigated
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both the direct contact and leachable effects of empty and Me:IBU (3:1)-loaded NPs on cells
viability (Figure 25 A).

HT29 Caco-2
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Figure 25: A) HT29 cells viability upon 24 hours of exposure to the lyophilized empty and Me:IBU (3:1)-
loaded PLGA NPs and to the leachables of the empty PLGA NPs B).Caco-2 cells viability upon 24 hours of expo-
sure to the lyophilized empty and Me:IBU (3:1)-loaded PLGA NPs and to the leachables of the empty PLGA NPs.

Lyophilized empty and THEDES-loaded NPs in the concentration range of 10 to 20
mg/mL did not negatively impact the metabolism of HT29 cells. The range of concentration
used was chosen in order to see how the PLGA NPs impact cellular viability. PLGA NPs are
biocompatible and several studies demonstrate that it is safe to use PLGA NPs with concen-
trations until 2.5 mg/mL with the better concentration being 1 mg/mL [222]. However, we do
not see any negative impact on cells viability using up to 20 mg/mL. The viability values ex-
ceeding 100% are likely due to errors in the controls, possibly linked to pipetting inconsisten-
cies. This could also be due to the fact that NPs were not monodisperse and stable, but instead
showed significant aggregation, as observed on SEM and DLS analysis. Given these findings,
these initial results are inconclusive regarding the true biological impact of the NPs, as the
aggregation could have influenced the observed outcomes.

To assess the cytotoxicity of the PLGA NPs in normal colorectal cells, the Caco-2 cell
model was employed. Three conditions of lyophilized NPs were tested: leachables from the
empty PLGA NPs, empty PLGA NPs, and PLGA NPs loaded with Me:IBU (3:1), being the last two
directly exposed to the cells. The results suggest that none of the three PLGA NPs conditions
significantly impacted cell viability (Figure 25 B). Across the different concentrations tested,
cell viability remained relatively stable for empty NPs. This could suggest that the PLGA NPs
are generally biocompatible with Caco-2 cells, showing minimal cytotoxicity under the condi-
tions tested. In the case of Me:IBU (3:1)-loaded NPs a viability decrease is observed at higher
concentrations. This can be related to the fact that these NPs are not stable and monodis-
persed, being almost completely aggregated according to SEM and DLS results, and that can

50



influence cells viability independent of the presence of the THEDES. Therefore, it is not possi-
ble to take any conclusion and further optimization and characterization was needed to en-
hanced the properties of NPs for effective tumor target and accumulation.

4.3. Non lyophilized PLGA NPs formulated by Nanoprecip-
itation

4.3.1. Preparation of Empty and Me:IBU (3:1)-loaded PLGA NPs formu-

lated in water or PBS

Efforts to understand and mitigate the behavior of NPs post-lyophilization, which
seemed to cause aggregation due to suboptimal nanoprecipitation conditions, led us to hy-
pothesize that lyophilization negatively impacts NPs stability. Consequently, we decided to
eliminate lyophilization from our process and maintained the NPs formulation in water. Addi-
tionally, previous observations suggested that empty NPs in water exhibited instability and
difficult formation compared to the NPs when Me:IBU (3:1) was present. Moreover, optimizing
a formulation that is suitable for human delivery is imperative for these NPs to be considered
strong candidates for a THEDES delivery system. We attempted centrifugation to concentrate
the NPs solution, but this lead to similar aggregation issues as observed with the NPs pro-
duced by the emulsion method and also are in accordance with the aggregation problem
observed by Vauthier C et a/, in use this method for concentrate the NPs [207]. We then ex-
plored evaporating the water, first using a rotary evaporator and subsequently by heating the
sample under stirring at 60°C, considering that PLGA degradation occurs at temperatures
higher than this threshold. Unfortunately, both approaches resulted in the formation of a film
adhering to the glass surface, rendering them impractical and time-consuming. A possible
explanation for that could be the high concentration of PLGA that increases during the water
evaporation, leading to increased viscosity and subsequent precipitation [223]. This concen-
trated PLGA may become sticky and adhere to the glass, forming a film. Additionally, the in-
teraction between the PLGA and the glass surface might further contribute to this issue, espe-
cially under the high temperatures and conditions used during the evaporation process. The
rapid concentration of PLGA, combined with its adhesive properties and the glass surface po-
tential affinity for the polymer, once both are hydrophobic, makes the process inefficient and
problematic. This highlighted the need for further optimization to ensure that NPs remain
stable and applicable for cell-based assays.

Given the challenge of drying the NPs, delivering them in a liquid form became neces-
sary. Since a water-based solution was unsuitable, formulating the NPs in PBS emerged as the
logical alternative. PBS was selected not only for its osmolarity, which closely matches that of
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the cells (~250 mOsm), but also for its buffering capacity, ensuring NPs stability and compat-
ibility with the cellular environment for subsequent biological assays [224]. This adjustment
aimed to maintain NPs stability while ensuring compatibility with the cell environment. Both
empty and Me:IBU (3:1)-loaded NPs were formulated following exactly the same nanoprecip-
itation protocol, only changing water by PBS.

Interestingly, the results of formulating NPs in PBS revealed some unexpected findings.
Empty NPs formed in PBS (Figure 26 A) appeared to be more stable and uniform compared to
those prepared in water (Figure 26 B). Conversely, the THEDES-loaded NPs did not form in PBS
(Figure 26 C and Figure 26 D), which contrasts with their successful formation in water (Figure
26 E).

Figure 26: Visual observation after nanoprecipitation protocol of: A) Empty PLGA NPs formulated in PBS b)
Empty PLGA NPs formulated in water; C) Visual result obtained after nanoprecipitation protocol in the presence
of Me:IBU (3:1) in PBS; D) Me:IBU (3:1)-loaded PLGA NPs formulated in water and posterior addition of PBS salts;

E) Me:IBU (3:1)-loaded PLGA NPs formulated in water.

These findings suggest that the ionic strength and osmolarity of PBS play a stabilizing
role, potentially by reducing electrostatic repulsion between particles and promoting a more
uniform size distribution. The failure of THEDES-loaded NPs to form in PBS could be attributed
to specific interactions between the THEDES components and the ionic constituents of PBS,
which may interfere with encapsulation or destabilize the NPs structure.

Intrigued by this discrepancy, we attempted to formulate Me:IBU (3:1)-loaded NPs in
water, followed by the addition of PBS salts post-formation (Figure 26 C). This approach re-
sulted in significant NPs aggregation, further supporting the hypothesis that the ionic envi-
ronment in PBS adversely affects the stability of THEDES-loaded NPs.

In water, the successful formation of THEDES-loaded NPs, despite the challenges faced
with empty NPs, indicates that the encapsulated THEDES plays a crucial role in stabilizing the
particles. The presence of THEDES likely contributes to a more robust core, enhancing stability
and preventing aggregation. Conversely, the failure of empty NPs to form effectively in water
could be due to the absence of internal stabilizing agents, leaving them more susceptible to
aggregation. For empty NPs, the stabilization appears to rely primarily on the ionic compo-
nents provided by PBS.
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4.3.2. Characterization of Empty and Me:IBU (3:1)-loaded PLGA NPs

formulated by Nanoprecipitation in water or in PBS

4.3.2.1 SEM

SEM results for the 3 batchs also confirm the successful formation of PLGA NPs in PBS,
showing the presence of spherical NPs (Figure 27). However, some of the NPs appear to be
fused together, indicating a degree of aggregation. Additionally, the NPs observed in SEM
images are less monodisperse compared to the DLS results.

(R&gulus 5.0kV

10.
PN

?/'/v:\

/‘é’\ 7
Regulus 2.0kV 10.3mm x10.0k SE(U) i Regulus 2.0kV 10.3mm x20.0k SE(U)

Figure 27: SEM photomicrographs of empty PLGA NPs formulated in PBS.

The discrepancy observed could be attributed to the sample preparation processes re-
quired for SEM analysis. Unlike DLS, SEM necessitates drying the samples, followed by gold
coating, which involves exposure to elevated temperatures. Additionally, the intense SEM laser
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may have induced morphological changes in the NPs, potentially altering their observed char-
acteristics. Ghomrasni et a/, also observed that air drying, adversely affect NPs morphology by
causing agglomeration. The study suggested spin-coating, as an alternative method, which
consists in the deposition of the liquid NPs suspension onto a rotating substrate. The centrif-
ugal force from spinning spreads the liquid evenly, helping to preserve NPs morphology and
reduce aggregation [225].

NPs containing THEDES in PBS were also characterized by SEM (Figure 28). As antici-
pated, Me:IBU (3:1)-loaded NPs did not form in PBS. This supports the hypothesis that PBS
may interact with THEDES, destabilizing NP formation. Typically, NPs are formulated in water,
with PBS commonly used to assess drug release and mimic biological environments. However,
there are successful examples of stable formulations in PBS. For instance, Mohanty et al,
demonstrated the stability of curcumin-loaded PLGA NPs in PBS [226)].

Regulus 2.0kV 10.3mm x5.00k SE(U) 10.0um  Regulus 2.0kV 10.3mm x100k SE(U)

Figure 28: SEM photomicrographs of Me:IBU (3:1)-loaded PLGA NPs formulated in PBS.

These contrasting behaviors highlight the critical influence of the medium on NPs for-
mation and stability. The results suggest that while PBS can be advantageous for the formation
of empty NPs, it may not be suitable for all types of NPs formulations, particularly those in-
volving sensitive or reactive payloads like THEDES. This finding emphasizes the need for a
tailored approach to NPs formulation, where the choice of solvent and medium is carefully
optimized based on the specific requirements of the NPs and their intended applications. Since
the intended application is within the human body, incorporating this formulation in its aque-
ous form containing water is not feasible. The water has a different osmolarity compared to
the biological environment, which could lead to cell death due to osmotic imbalance.

4.3.2.2. TEM

The Me:IBU (3:1)-loaded PLGA NPs were also characterized by TEM, revealing key in-
sights into their morphology and distribution (Figure 29). The images show that the NPs exhibit
a predominantly spherical shape, presenting size uniformity. Notably, some regions exhibit
well-dispersed particles, while others show closer proximity, likely due to the sample prepara-
tion process. The drying of the sample before TEM analysis may have led to this apparent
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clustering, as particles can become more closely packed during the drying process. Addition-
ally, the surface of the NPs appears relatively smooth, although minor roughness and irregu-
larities are observed, which might be linked to the encapsulation process or the effects of

drying during sample preparation. However, once more, the confirmation of THEDES encap-
sulation its necessary to confirm this.

Figure 29: TEM photomicrographs of the Me:IBU (3:1)-loaded NPs formulated in water.

4.3.23. DLS
DLS measurements were conducted on three different batches of empty NPs in PBS and
on three batches of Me:IBU (3:1)-loaded NPs in water. Additionally, a DLS analysis was per-

formed on a sample of Me:IBU (3:1)-loaded NPs after two months of storage to evaluate their
long-term stability (Table 3 and Figure 30).

Table 3: DLS results for the NPS formulated in PBS, water + Me: IBU (3:1) and water + Me: IBU (3:1) with 2
months, and the respective standard deviations (SD).

Aqueous . zeta potential
S PDI
phase ize (nm) (mV)
Empty PLGA NPs PBS 5099 + 44 0.081 +0.003 -595+26
Me:IBU (3:1)-
water 2469 + 2.6 0.066 + 0.019 -326+2.2
loaded NPs
Me:IBU (3:1)-
loaded NPs (w/ 2 water 369.0 + 4.3 0.095 + 0.01 -32.7+09
months)
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Figure 30: Graphical representation of DLS results for the NPS formulated in PBS, water + Me: IBU (3:1) and
water + Me: IBU (3:1) with 2 months.

Empty PLGA NPs formulated in PBS exhibited relatively large hydrodynamic sizes, rang-
ing from 505 to 514 nm across three batches. This increase in size can be attributed to the
hydration and swelling of the PLGA matrix in the isotonic PBS environment. Rapier C. et al,
suggested that PBS salts could interact with the hydrophilic PLGA polymer, leading to in-
creased water absorption and subsequent swelling of the NPs. The absence of a stabilizing
core, in this case loaded Me:IBU (3:1), allows the PLGA matrix to expand more freely in re-
sponse to the hydrating conditions of PBS, resulting in larger particles [227].

Despite their increased hydrodynamic size, the PLGA NPs in PSB exhibited excellent sta-
bility. This stability is evidenced by a highly negative zeta potential, -59.5 + 2.6 mV, which
indicates strong electrostatic repulsion between the particles. This repulsion effectively pre-
vents aggregation and maintains a well-dispersed system. Furthermore, the low PDI values,
ranging from 0.078 to 0.084, confirm that the NPs form a uniform and monodisperse popula-
tion with consistent size distribution.

The high ionic strength and osmolarity of PBS likely play a role in this stability [228]. It
seems to suggest that, although PBS does increase the hydrodynamic size of the NPs due to
ionic interactions and hydration effects, the ionic strength helps stabilize the dispersion by
mitigating potential aggregation through electrostatic repulsion. Despite that, literature pre-
sents some contradictions on the impact of ionic strength on NPs stability. Some studies indi-
cate that the ionic strength of PBS can diminish repulsive interactions among NPs, potentially
leading to agglomeration. For example, Vukovi¢ et al, reported that gold NPs exhibited ag-

glomeration in PBS, underscoring the impact of ionic strength on stability [229]. Similary,
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Stromberg Z et al, formulated PLGA NPs with comparable molecular weights and ratios and
showed a dramatic increase in size when dispersed in PBS, ranging from 233.6 nm to 4126 nm,
accompanied by an increase in PDI from 0.01 to 0.42 and a shift in zeta potential from -47 mV
to -67 mV. This significant change in size and variability underscores the complex interactions
between PLGA, PBS and other formulation components. Additionally, the study also observed
that variations in the ratio of lactic to glycolic acid and mass of PLGA influence stability, high-
lighting the crucial roles of hydrophilicity and ionic forces [230]. In contrast, our study found
that PLGA NPs remained stable in PBS due to their high negative zeta potential, which ensures
strong electrostatic repulsion and prevents aggregation despite the increased size. This sug-
gests that the effect of ionic strength on NPs stability is highly dependent on the specific
properties of the NPs and the experimental conditions.

The Me:IBU (3:1)-loaded NPs are smaller than the empty NPs formulated in PBS. PDI
values, which varied from 0.047 to 0.088, indicate that the loaded NPs are still monodisperse,
being an optimal PDI for PLGA NPs often less than 0.2 [226]. The zeta potential for these drug-
loaded NPs ranged from -30.4 to -34.8 mV, which suggests high stability, even though it is
less robust than the empty NPs in PBS. This difference in zeta potential, and thus stability, may
be due to the reduced surface charge resulting from the drug incorporation and the absence
of the ionic strength provided by PBS [231]. An hypothesis for this is that the Me:IBU (3:1), a
THEDES, could interact with the PLGA matrix in ways that affect hydration and stabilization
properties. These findings support the hypothesis that THEDES might act as stabilizers or sur-
factants within the NPs formulations. The observed enhanced stability of PLGA NPs in the
presence of THEDES, as indicated by consistent size distribution and a high negative zeta po-
tential, suggests that THEDES effectively interact with the NPs to prevent aggregation. This
stabilization effect is similar to that of surfactants, which stabilize colloidal systems by modi-
fying surface interactions and reducing aggregation. Additionally, this aligns with what Martins
M. et al, reported, suggesting the NADES potential as plasticizing agents in the supercritical
foaming of natural-based polymers [232]. Furthermore, M. Pu et a/, demonstrate that DES can
play a stabilizing role in emulsion-based systems, as they successfully prepared microparticles
and microcapsules of PLGA-IBU by using solvent evaporation extraction of oil-in-deep eutectic
solvent (O/DES) emulsions [233]. If THEDES could function effectively as plasticizers, their un-
derlying mechanism might also contribute to stabilizing NPs. However, to confirm these hy-
potheses the first step is confirm that the Me:IBU (3:1) was successfully loaded in the PLGA
NPs.

Upon assessing the stability of Me:IBU (3:1)-loaded NPs over two months, a notable in-
crease in particle size to 368 nm was observed. This size increase suggests a change in the
NPs, which could be attributed to either aggregation or the gradual release of THEDES [234],
[235]. However, the consistently low PDI (below 0.1) indicates a narrow size distribution, while
the strongly negative zeta potential (below -30 mV) demonstrates that the particles remain
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well-dispersed and stable. These stability indicators effectively eliminate aggregation as a pos-
sible cause, making the gradual release of THEDES during storage the most plausible expla-
nation for the observed increase in particle size. This suggests a controlled process likely driven
by THEDES release. Furthermore, confirming whether THEDES is encapsulated within the NPs
or at least present on their surface is essential to validate this hypothesis.

4.3.3. ATR-FTIR Analysis

In order to evaluate if Me:IBU (3:1) is present in loaded NPs, ATR-FTIR analyses was con-
ducted (Figure 31). In the PLGA spectrum the carbonyl (C=0) stretch is found at 1750 cm™,
while the CH, CH,, and CHjs stretching vibrations are detected between 2850 cm™" and 3000
cm™'. The OH stretching band appears around 3378 cm™ for PLGA spectrum, but it is no longer
detectable on the empty NPs spectrum. This disappearance suggests that hydroxyl groups are
likely engaged in new interactions with other PLGA molecules. Additionally the only feature in
the FTIR results that could indicate the presence of Me:IBU (3:1) in NPs is the peak near 1513

cm™!

, which corresponds to C=C and C=0 vibrations and is also present in the Me:IBU (3:1)
(Figure 31). These suggest potential interactions between Me:IBU (3:1) and the NPs, either on
the surface or within the NPs. Furthermore, confirming the encapsulation of Me:IBU (3:1) re-

curring to other methods as HPLC is necessary to confirm successful encapsulation.
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Figure 31: ATR-FTIR analysis of the lyophilized empty and Me:IBU (3:1)-loaded PLGA NPs formulated by
nanoprecipitation.
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4.3.4. Osmolarity

Additionally, since some of the NPs were in water, it is important to measure the osmo-
larity of the samples that came into contact with the cells. This ensures that any observed
changes in cell viability are due to alterations in osmolarity or water flux, which could otherwise
affect cell health independently of the treatment (Table 4).

Table 4: Osmolarities of the PLGA NPs formulated in PBS and water, and the respective standard devia-

tions (SD).
Samples Osmolarity (mOsm/kg)
Me:IBU (3:1)-loaded NPs in water 0.004 + 0.001
Me:IBU (3:1)-loaded NPs in water +
132.000 + 29.513
RPMI (1:1)
Empty NPs in PBS 1228.000 = 10.149
Empty NPs in PBS + RPMI (1:1) 642.000 + 9.539
PBS 281.666 + 1.528
RPMI 260.000 + 1.000

It would be expected that the low osmolarity Me:IBU (3:1)-loaded NPs in water + RPMI (132
mOsmol/kg) would cause hypotonic stress, leading to potential cell swelling and lysis, and the
high osmolarity of empty NPs in PBS diluted with RPMI (642 mOsmol/kg) would induce hy-
pertonic stress, leading to dehydration and reduced viability at least for the two more concen-
trated samples, when the dilution is 1:1.5 and 1:1. Both conditions deviate significantly from
the physiological range (280-320 mOsmol/Kg), even though, antiproliferative and cytotoxic
tests were carried out [236].

4.3.5. Antiproliferative Activity of Non-Lyophilized Empty and Me:IBU

(3:1)-loaded PLGA NPs formulated in PBS and water

The antiproliferative activity of Me:IBU (3:1)-loaded PLGA NPs formulated in water and
PBS, and of the empty PLGA NPs formulated in PBS were also study using MTS and assessing
the impact on cells viability. In this case concentrations were not used as unit because the NPs
were not lyophilized, and we could not dry our samples despite our efforts. So, several dilutions
were done using RPMI to see the impact of the different dilution on cells viability.

The MTS results in HT29 do not suggest any impact on cell viability for the three different
NPs tested (Figure 32 A). The MTS assay results indicate that both empty and Me:IBU (3:1)-
loaded PLGA NPs are non-toxic to HT29 cells, as cell viability remains consistently above 90 %
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across all dilutions. Similar viability trends are observed whether the NPs are prepared in water
or PBS, suggesting that neither PBS or water adversely affect the formulations.
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Figure 32: A) HT29 cells viability upon 24 hours of exposure to the non-lyophilized empty and Me:IBU
(3:1)-loaded PLGA NPs formulated in PBS and water; B) Caco-2 cells viability upon 24 hours of exposure to the
non-lyophilized empty and Me:IBU (3:1)-loaded PLGA NPs formulated in PBS and water.

The maintenance of cell viability after exposer to empty NPs suggests that the NPs carrier
itself are non-toxic to HT29 cells. M. M. El-Hammadi et a/, reported low toxicity of PLGA NPs
in HT29 cell line, proving PLGA NPs biocompatibility [237]. However, the lack of a significant
effect with the loaded NPs raises several possibilities: the concentration of NPs used may have
been insufficient to reach the ECso of the Me:IBU (3:1), the drug may not have been successfully
encapsulated, or the PLGA NPs may have failed to enter the cells and release the THEDES,
assuming that successful encapsulation was achieved.

The cytotoxicity of PLGA NPs in Caco-2 cells of empty PLGA NPs in PBS, Me:IBU (3:1)-
loaded PLGA NPs in PBS and Me:IBU (3:1)-loaded PLGA NPs formulated in water were also
evaluated (Figure 32 B). The results indicate that cell viability remained above 90 % across all
dilutions and conditions, suggesting minimal cytotoxic effects. Interestingly, while there were
slight fluctuations in cell viability, none of the conditions caused a significant decrease, with
viability generally around 100 %. This outcome suggests that both empty and Me:IBU (3:1)-
loaded PLGA NPs are well-tolerated by Caco-2 cells, whether prepared in PBS or water. There-
fore, these PLGA formulations appear to be biocompatible and do not adversely affect the
viability of colorectal cells, supporting their potential use in therapeutic applications. However,
as previously pointed out, the absence of a significant impact on cell viability could be due to
an insufficient concentration of NPs.

To evaluate if the nanoparticles could be internalized by the cells further studies were
conducted.

4.4. Cellular Uptake of FITC-dextran and Nile Red-loaded
PLGA NPs

The cellular uptake of the NPs is a key to predict the therapeutic efficacy of the NPs as
DDS. To study if cells can incorporate the NPs, two fluorescent dyes were encapsulated in PLGA
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NPs: FITC and Nile Red. The FITC and Nile Red-loaded NPs were formulated in PBS and water,
respectively, using the same nanoprecipitation method as the empty NPs and the Me:IBU (3:1)-
loaded NPs. FITC-dextran, a hydrophilic dye, is commonly used to assess NPs uptake [238].
Nile Red, on the other hand, is a hydrophobic dye often employed for similar purposes, that
was used to simulate our hydrophobic THEDES [239], [240].

The successful encapsulation of both FITC-dextran and Nile Red in PLGA NPs, was con-
firmed through fluorescence microscopy, with distinct green and red fluorescence, respectively
(Figure 33). The FITC-dextran-loaded NPs showed uniform green fluorescence, indicating ef-
fective encapsulation. This suggests that the hydrophilic FITC-dextran helped maintain even
distribution of the NPs in the aqueous environment, minimizing aggregation. The encapsula-
tion of Nile Red was successful in water, similar to what we observed with non-lyophilized
Me:IBU-loaded PLGA NPs formulated in water.

Figure 33: Fluorescent microscopy images of A) FITC-dextran-loaded PLGA NPs; B) Nile Red-loaded PLGA
NPs.

Furthermore, HT29 cells were exposed to loaded FITC-dextran during 24 hours (Figure
34). Fluorescent microscopy images clearly demonstrate the successful internalization of the
FITC-dextran-loaded NPs by the cells. The green fluorescence observed within the cytoplasm
confirms that the NPs were taken up by the cells and are distributed throughout the intracel-
lular environment. The PLGA NPs uptake by HT29 are in accordance with literature. Sasaki K et
al, reported the same phenomena [241]. The presence of localized clusters of fluorescence
suggests potential aggregation or sequestration of the NPs within specific organelles or ve-
sicular compartments. The co-localization of these signals with the cellular structures stained,
nucleus (blue) and actin filamentous (yellow/orange), further validates their intracellular pres-
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ence. This suggests that, despite of the challenges encounter in this path, the nanoprecipita-
tion method is efficiently in producing NPs that are capable of being internalized by cells,
making them promising candidates for further studies in drug delivery.

Control
Figure 34: Fluorescent microscopy images of cellular uptake of FITC-dextran-loaded PLGA NPs by HT29
cells.

The next step is to evaluate the incorporation of Nile Red-loaded PLGA into cells. Testing
these NPs would have been crucial, as they mimic the Me:IBU (3:1)-loaded PLGA NPs, given
that both the dye and THEDES are hydrophobic. Evaluating their cellular uptake would provide
insights into how well these particles can deliver hydrophobic compounds.

The mechanism of cellular uptake for NPs is influenced by several factors, including the
size, surface charge, and morphology of the NPs. NPs within this size range are generally too
large for passive diffusion and instead enter cells through active uptake processes. The primary
mechanism for the cellular uptake of PLGA NPs is clathrin-mediated endocytosis, as reported
by Malinovskaya et al. Despite that, Oliveira et al, described cellular uptake though caveolae-
mediated endocytosis [242]. However, Xu et a/, observed that PLGA NPs may not always be
efficiently internalized by cells, potentially delivering their drug outside the cells [243]. Once
inside the cell, Malinovskaya et a/, highlight that PLGA NPs are typically localized within the
endo-lysosomal compartment, where the encapsulated drug is released to reach its intended
target site [244].

4.5. Me:IBU (3:1) Encapsulation Efficiency

The encapsulation efficiency of Me:IBU (3:1) within PLGA NPs is a critical parameter to
continue with cell assays and further evaluate the success of the formulation and its potential
therapeutic application. In this study, attempts were made to quantify the encapsulation effi-
ciency, through IBU detection, using HPLC via both direct and indirect methods. The direct
method involved measuring the amount of Me:IBU (3:1) encapsulated within the NPs after the
formulation process by degradation of the PLGA, while the indirect method calculated the
encapsulation efficiency by quantifying the unencapsulated drug remaining in the supernatant
of the dialysis.

Despite multiple trials, accurate quantification of the encapsulation efficiency proved to
be challenging. It was not possible to determinate the Me:IBU (3:1) encapsulation efficiency
(Table 5). Ibuprofen was chosen for HPLC quantification because there is a well-established,
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validated method for this compound, and its sensitivity is sufficient to accurately detect the
concentrations used. Furthermore, quantifying just one of the components of the THEDES sim-
plifies the analysis, making it easier to assess drug content, encapsulation efficiency, and over-

all formulation quality.

Table 5: Direct and indirect quantification of Me:IBU (3:1) in PLGA NPs formulated by nanoprecipitation by
HPLC.

Total amount of

IBU . IBU used to for- Me:IBU (3:1) used to for-
(mg) IBU quantified by mulate NPs (mg) mulate NPs (mg)
9 HPLC (mg) 9 g
Inc.ilrectquantlflca- 0.087
tion of sample 1
1.249
Direct quantification 1162
of sample 1
22.72 74.5
Inc.ilrect guantifica- 0.514
tion of sample 2
1.696
Direct quantification 1181

of sample 2

The HPLC analysis of the dialysate supernatant and the Me:IBU (3:1) encapsulated in the
NPs, revealed that the total amount of THEDES detected was significantly lower than the initial
quantity added. Several factors may account for this discrepancy. One potential explanation is
the incomplete extraction of Me:IBU (3:1) from the PLGA matrix during direct analysis. Addi-
tionally, the precipitation of PLGA during NPs formation may have led to some THEDES bind-
ing to the polymer due to their hydrophobic properties.

The indirect method also faced limitations, particularly due to the low solubility of
Me:IBU (3:1) in the aqueous medium used for NPs formulation, which led to unreliable meas-
urements of the unencapsulated drug. As a result, the HPLC readings of Me:IBU (3:1) may not
accurately represent the total content in the sample.

Interestingly, when combining the results from both the direct and indirect methods, the
total amount of THEDES detected was approximately more than ten times lower than what
was initially added. Initially, we targeted a concentration of two times the ECsq, but due to
these encapsulation challenges, we increased the concentration to approximately five times
the ECso (=74.5 mg of Me:IBU (3:1)) that corresponds to 22.72 mg of IBU, to enhance the like-
lihood of successful loading and to investigate this phenomenon more precisely.

These difficulties show the complexity of encapsulating a hydrophobic DES like Me:IBU
(3:1) within PLGA NPs. The unique physicochemical properties of THEDES, particularly its ability
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to interact strongly with the PLGA matrix, may have led to partial encapsulation, irregular drug
distribution, or even drug-polymer interactions that do not allow an effective encapsulation.

4.6. Conclusion and Futures Perspectives

To successfully deliver THEDES to CRC cells using PLGA NPs, it is essential that these NPs
demonstrate stability, monodispersity, high encapsulation efficiency, and appropriate size and
morphology. These critical attributes can be tailored by carefully selecting the preparation
methods and fine-tuning key parameters.

Despite efforts using the emulsion-solvent evaporation method, achieving consistent
and stable formulations of both empty and Me:IBU (3:1)-loaded PLGA NPs remains challeng-
ing. However, it was possible to conclude that an increase in polymer concentration correlates
with a larger NPs size. However, varying the PVA concentration within the tested range did not
result in significant differences. Additionally, NPs aggregation was observed after centrifuga-
tion and lyophilization, that was likely due to surfactant effects. Attempts to resolve this issue
by increasing the number of washes and decreasing centrifugation speed were unsuccessful.
Consequently, a surfactant-free nanoprecipitation method was employed, though some ag-
gregation persisted due to lyophilization.

Eliminating the lyophilization step improved the stability of the NPs formulated by na-
noprecipitation, yet stability remained highly dependent on the dispersion medium. Specifi-
cally, empty PLGA NPs were stable only in PBS, while Me:IBU (3:1)-loaded NPs were stable only
in water, suggesting that THEDES plays a role in stabilizing PLGA NPs in water. The antiprolif-
erative and cytotoxicity assays were inconclusive, possibly due to the range of non-lyophilized
NPs concentrations used. Additionally, it was not possible to assess the encapsulation effi-
ciency of THEDES.

The cellular uptake assay demonstrated successful encapsulation of FITC-dextran-
loaded PLGA NPs in HT29 cells. However, the results for Nile Red encapsulated NPs were not
possible to be evaluated during this work.

Several key areas require attention to enhance the development of these NPs. First, the
optimization of the formation of stable and small NPs as well the improvement of encapsula-
tion efficiency is critical. The current inability to accurately determine encapsulation efficiency
has impeded progress in evaluating the biological effects of the formulations. Without precise
concentration data, drawing reliable conclusions from antiproliferative and cytotoxicity assays
is challenging. Future work could involve exploring alternative methodologies such as micro-
fluidics or supercritical CO, techniques, both of which offer finer control over NP size, stability,
and encapsulation efficiency [245], [246].

Second, the exploration of advanced characterization techniques, such as NMR and MS,
could provide deeper insights into the encapsulation process and drug-polymer interactions.
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These techniques could complement traditional methods, like HPLC, by offering a more de-
tailed understanding of the physicochemical properties of the NPs, thus guiding further opti-
mization [247], [248].

Third, while the initial goal of incorporating the NPs into 130 nm HIV VLPs for targeted
delivery was not achievable due to size limitations, alternative strategies could be explored for
PLGA NPs. For instance, surface modifications, such as PEG coating, can improve circulation
time and reduce immunogenicity [249]. Incorporating targeting molecules, such as CD44,
could enhance specificity for colorectal cancer cells [250]. Although these larger NPs might
not fully benefit from the EPR effect, targeted delivery mechanisms, such as ligand-mediated
targeting could still be effective [251].

Finally, further investigation into the drug release kinetics and the long-term stability of
the NPs in various physiological conditions is necessary. This includes studying the behavior
of the NPs in complex biological environments, such as blood plasma, to ensure that the for-
mulations maintain their integrity and efficacy over time. Additionally, exploring the use of
stimuli-responsive polymers or coatings could offer controlled drug release in response to
specific triggers within the target tissue, further enhancing therapeutic outcomes [252].
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