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ABSTRACT

Glioblastoma (GBM) is the most common primary brain tumor and one of the deadliest
cancers to date. The standard of care is based on maximal surgical resection followed
by radiotherapy and temozolomide (TMZ) oral chemotherapy. However, this treatment
regimen only renders a 15-month median survival and less than 5% of 5-year survival
rate. Thus, GBM is an unmet clinical need that urgently requires new treatment
approaches to combat the lethal course of the disease. The development of new
treatment approaches if often hindered by the presence of the blood-brain barrier (BBB),
which protects the brain from harmful agents, but also prevents the most prospective
systemic drugs from reaching the brain parenchyma. As an example, docetaxel (DTX) is
a promising chemotherapeutic poorly explored in the field of GBM, with a 100,000-times
lower ICsp compared with TMZ, but a very low BBB crossing capacity (<1% of the
administered dose, compared with approximately 30% for TMZ). Moreover, DTX and
most of the treatment approaches lack the ability to target tumor cells of the brain, hence
resulting in poor therapeutic responses. These hurdles have shifted attention to
treatment modalities with capacity to precisely and sequentially target (i) BBB cells,
inducing blood-to-brain transport, and (ii) GBM cells, leading to a higher accumulation of
therapeutic molecules at the tumor cells of the brain. This can be accomplished through
the use of nanomedicine, which provides drug depot nanoparticle (NP) systems, easily
surface-functionalized with targeting ligands that recognize specific biological barriers
and cell receptors, such as from the BBB and GBM. The targeting ligands usually exploit
the abnormal expression of certain cell transporters or surface molecules to induce
intracellular trafficking at the BBB and GBM. Thus, besides improving formulation and
pharmacokinetic constraints of loaded drugs, these multi-targeted nanomedicines have
potential to significantly enhance therapeutic responses and reduce off-target toxicity.

In the first part of this work, aligned with the main aim of this doctoral thesis, polymeric
NPs were dual-surface tailored with a (i) brain-targeted acid-cleavable Angiopep-2
moiety to trigger shuttling of the NPs across the BBB (via binding to the BBB-
overexpressed low density lipoprotein receptor), followed by their structural
rearrangement within BBB endosomal vesicles (acidic pH), and (ii) L-Histidine moiety to
provide NP preferential accumulation into GBM tumor cells (via binding to the tumor-
overexpressed L-type amino acid transporter 1). These stimuli-responsive NPs were
loaded with DTX using a continuous-flow microfluidic technique. In a panel of GBM
conventional cell lines and tumor invasive margin patient cells, the stimuli-responsive

NPs targeted GBM cells, enhanced cell uptake by 12-fold, and induced 3-times higher
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cytotoxicity in 2D and 3D cell models. Moreover, in a BBB in vitro model, the permeability
of NPs was increased by 3-fold. A biodistribution in vivo trial confirmed a 3-fold
enhancement of NP accumulation into mice brain, hence highlighting the ability of stimuli-
responsive NPs to cross the intact BBB. The in vivo anti-tumor efficacy was further
investigated in a GBM orthotopic mice model following either intratumoral or intravenous
administrations at a low DTX dose (2 pg per brain and 2 mg kg?, respectively). The
median survival of GBM-bearing mice, and number of long-term survivors, was
significantly increased by around 20 days and more than 50%, respectively. Moreover,
the treatment did not present histological, hematologic or blood biochemical signs of
systemic toxicity.

An important issue in the field of nanomedicine translation is the fact that disease
modeling toolboxes lack close-to-native in vitro models that emulate GBM
microenvironment and bioarchitecture, thus poorly predicting clinical responses. In the
second part of this work, aligned with the secondary aim of this doctoral thesis, a human
GBM multicellular tumor microtissue (MCTM) constituted by three key cell populations
of the GBM microenvironment, namely U-251 MG tumor cells, macrophages derived
from blood peripheral monocytes, and brain microvascular primary endothelial cells, was
proposed as a novel 3D in vitro tool to evaluate the efficacy of nano-therapeutics. The
MCTM presented a tumor-like cell spatial organization, production of extracellular matrix,
necrosis areas, and a predominant pro-tumor M2-like macrophage phenotype. The
previously developed and reported L-Histidine functionalized NPs, targeted to GBM,
were used to load DTX and assess the ability of the MCTM to respond to chemotherapy.
The NPs provided 8- and 3-times higher cell uptake and anti-proliferative effect,
respectively, compared with the non-targeted nanosystem and free DTX. Moreover, the
NPs tended to reduce the expression of pro-tumor macrophage markers, while
increasing the levels of expression of anti-tumor macrophage markers, suggesting a
possible reeducation of the immune microenvironment. Accordingly, the NPs caused a
reduction in the secretion of an array of cytokines with a role in GBM pro-tumor immunity
(e.g. IL-1B, IL-6, IL-8, TGF-B).

Overall, in the one hand, the first part of the work provided a preclinical proof of concept
that supported the effectiveness of the developed stimuli-responsive NPs, sequentially
targeted to the BBB and brain tumor, as a powerful anti-GBM multistage
chemotherapeutic strategy with ability to respond to multiple features of the GBM
microenvironment. On the other hand, in the second part of the work, a GBM MCTM was
proposed as a novel GBM 3D in vitro technology, with capacity to better contribute to the
recapitulation of the bioarchitecture and composition of the native tumor, dissect GBM

therapeutic responses, and ameliorate the in vivo predictability.

XXVi



RESUMO

RESUMO

Glioblastoma (GBM) é o tipo de tumor primario do cérebro mais comum e um dos tipos
de cancro mais letais até a data. O tratamento padrdo desta doenca baseia-se na
méxima remoc¢do cirlrgica, seguida de radioterapia e quimioterapia oral com
temozolomida (TMZ). Contudo, este tratamento providencia apenas uma meédia de
sobrevivéncia de 15 meses e uma taxa de sobrevivéncia a 5 anos menor do que 5%.
Assim sendo, 0 GBM é uma area clinica em que novos tratamentos sdo urgentemente
necessarios para combater o desfecho fatal da doenca. O desenvolvimento de novos
tratamentos é, muitas das vezes, dificultado pela presenca da barreira hematoencefélica
(BHE), que protege o cérebro de agentes patogénicos, mas também impede os
farmacos sistémicos mais promissores de atingirem esta regido anatomica. Por
exemplo, o docetaxel (DTX) é um quimioterapéutico pouco explorado na area de GBM,
com um ICso 100.000 vezes inferior a TMZ, mas uma capacidade de permear a BHE
muito baixa (<1% da dose administrada, comparativamente a aproximadamente 30%
para a TMZ). Mais ainda, tanto o DTX como muitos outros tratamentos desenvolvidos
apresentam uma falta de direcionamento para as células tumorais do cérebro,
resultando numa baixa resposta terapéutica. Estes problemas tém atraido a atencéo
para modalidades de tratamento com capacidade de fazer um direcionamento preciso
e sequencial para (i) a BBB, induzindo assim o transporte sangue-para-cérebro, e (ii) as
células de GBM, conduzindo a um aumento da acumulacdo de moléculas de
terapéuticos nas células tumorais do cérebro. Isto pode ser concretizado através da
utilizagdo de nanomedicinas, que consistem em nanoparticulas (NPs) que funcionam
como depoésitos de farmacos, faciimente modificaveis ao nivel da superficie com
ligandos de direcionamento que reconhecem recetores de barreiras biologicas e células
especificas, tais como da BHE e de GBM. Geralmente, estes ligandos de
direcionamento focam-se na expressao anormal de certos transportadores e moléculas
de superficie celulares para induzir o transporte intracelular na BHE e GBM. Logo, estas
nanomedicinas multi-direcionadas, para além de melhorarem aspetos de formulacéo e
farmacocinética do farmaco que encapsulam, também tém o potencial de aumentar
significativamente a eficacia terapéutica e reduzir a toxicidade sistémica.

Na primeira parte do trabalho, associada ao objetivo principal desta tese de
doutoramento, NPs poliméricas foram duplamente modificadas ao nivel da superficie
com (i) um ligando Angiopep-2 clivavel em ambiente 4cido e direcionado para o cérebro
(através do reconhecimento do recetor de lipoproteinas de baixa densidade,

sobrexpresso pelas células da BHE) para potenciar a passagem pela BBB, seguida de
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um rearranjo estrutural das NPs nas vesiculas endossomais (pH &cido) da barreira; e (ii)
um ligando de L-Histidina para promover a acumulacédo das NPs preferencialmente nas
células tumorais de GBM (através do reconhecimento do transportador de aminoacidos
do tipo L 1, sobrexpresso pelas células tumorais). Estas NPs sensiveis a estimulos
foram depois carregadas com DTX através de uma técnica de microfluidica em fluxo
continuo. Num painel de linhas celulares convencionais de GBM e células de GBM de
pacientes, isoladas a partir da margem invasiva do tumor, as NPs sensiveis a estimulos
apresentaram um direcionamento para as células de GBM, um aumento de 12 vezes ha
internalizacdo celular e uma citotoxicidade aumentada em 3 vezes em modelos
celulares 2D e 3D. Para além disto, num modelo in vitro de BHE, a permeabilidade das
NPs através da barreira foi aumentada em 3 vezes. Num teste de biodistribui¢&o in vivo,
foi confirmado um aumento de 3 vezes na acumulacdo das NPs no cérebro de
murganhos, enfatizando a capacidade das NPs sensiveis a estimulos de atravessar a
BHE intacta. A eficacia anti-tumoral in vivo foi posteriormente analisada num modelo
ortotopico de GBM em murganho, apés administracdo intratumoral ou intravenosa de
uma baixa dose de DTX (2 g por cérebro e 2 mg kg, respetivamente). A sobrevivéncia
média dos animais com GBM foi significativamente aumentada em 20 dias, e o nimero
de sobreviventes a longo prazo aumentado em mais de 50%. O tratamento né&o
apresentou sinais histologicos, hematoldgicos ou bioquimicos (sangue) de toxicidade
sistémica.

Um aspeto importante na translagéo de nanomedicinas é o facto de que existe uma falta
de modelos in vitro que se assemelhem a estrutura nativa do tumor e mimetizem o
microambiente e bioarquitetura tumorais, limitando a capacidade de prever as respostas
clinicas. Na segunda parte do trabalho, associada ao objetivo secundario desta tese de
doutoramento, um micro-tecido multi-celular tumoral (MTMC) de GBM, de origem
humana, foi proposto como um novo modelo 3D in vitro para avaliar a eficacia de
nanomedicinas. O MTMC foi composto por células tumorais de GBM U-251 MG,
macrofagos derivados de mondécitos periféricos e células endoteliais microvasculares
primarias de origem cerebral. O MTMC apresentou uma organizacao espacial celular
semelhante ao tumor, incluindo producdo de matriz extracelular, areas de necrose e um
feno6tipo predominante de macréfagos do tipo M2. As NPs com um ligando superficial
de L-Histidina previamente desenvolvidas e reportadas, direcionadas para o GBM,
foram carregadas com DTX e utilizadas para testar a capacidade do MTMC de
responder a quimioterapia. As NPs apresentaram uma internalizacé@o celular 8 vezes
superior, e um efeito anti-proliferativo 3 vezes superior, comparativamente as NPs sem
direcionamento para o tumor e ao DTX na forma livre. Mais ainda, as NPs apresentaram

uma tendéncia para reduzir a expressao de marcadores de macrofagos pro-tumorais, e
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aumentar a expressdo de marcadores de macréfagos anti-tumorais, sugerindo uma
possivel reeducacdo do microambiente imunitario. No seguimento disto, as NPs
causaram uma reducao na secrecado de citocinas com um papel pré-tumoral em contexto
de GBM (ex: IL-1B, IL-6, IL-8, TGF-B).

Em resumo, por um lado, a primeira parte deste trabalho apresentou uma prova de
conceito pré-clinica que demonstrou a eficiéncia das NPs sensiveis a estimulos
desenvolvidas, com um direcionamento sequencial para a BBB e tumor, como uma
estratégia quimioterapéutica faseada de elevada eficacia e com capacidade de
reconhecer diferentes caracteristicas do microambiente de GBM. Por outro lado, na
segunda parte deste trabalho, um MTMC de GBM foi proposto como uma nova
tecnologia in vitro 3D de GBM, com capacidade melhorada para representar a
bioarquitetura e composicdo do tumor nativo, perceber mecanismos de resposta

terapéutica e fazer uma previséo do efeito in vivo.
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ABSTRACT

Glioblastoma (GBM) is an unmet clinical need characterized by a standard of care (SOC)
5-year survival rate of only 5%, and a treatment mostly palliative. Significant hurdles in
GBM therapies include an effective penetration of therapeutics through the brain
protective barrier, namely the blood-brain barrier (BBB), and a successful therapeutic
delivery to brain-invading tumor cells post-BBB crossing. These hurdles, along with the
poor prognosis and critical heterogeneity of the disease, have shifted attention to
treatment modalities with capacity to precisely and sequentially target (i) BBB cells,
inducing blood-to-brain transport, and (ii) GBM cells, leading to a higher therapeutic
accumulation at the tumor site. This sequential targeting allows therapeutic molecules to
reach the brain parenchyma and compromise molecular processes that support tumor
cell invasion. Besides improving formulation and pharmacokinetics constraints of drugs,
nanomedicines offer the possibility of being surface functionalized with multiple
possibilities of targeting ligands, while delivering the desired therapeutic cargos to the
biological sites of interest. Targeting ligands exploit the site-specific expression or
overexpression of specific molecules on BBB and GBM cells, triggering brain plus tumor
transport. Since the efficacy of single-ligand functionalized nanomedicines is limited due
to the GBM anatomical site (brain) and disease complexity, this review presents an
overview of multi-ligand functionalized, BBB and GBM sequentially- and dual-targeted
nanomedicines reported in literature over the last 10 years. Moreover, in this chapter,
GBM numbers, niches, key cell players and TME are presented, the role of the BBB and
blood-brain tumor barrier (BBTB) in disease progression is discussed, GBM treatment
options are debated, opportunities of targeted nanomedicine and possible

BBB/neovasculature and tumor targets are detailed.
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1. BACKGROUND

1.1. Glioblastoma — disease by the numbers

Cancer is a major public health problem and the second leading cause of death in the
world, with rapidly growing incidence rates that are projected to double by 2040 [1, 2].
According to the estimates of cancer incidence and mortality of the International Agency
for Research on Cancer (IARC) of the World Health Organization (GLOBOCAN), there
were approximately 19 million new cases and 10 million deaths related with cancer
worldwide in 2020, from which around 300,000 and 250,000, respectively, were due to
brain and other central nervous system (CNS) cancers [3]. Among brain cancers,
glioblastoma (GBM) is the most prevalent type, and accounts for nearly half of all CNS
malignant tumors [4]. GBM is an aggressive type of brain cancer, with a 15-month

median survival from the time of diagnosis.

1.2. The power of targeted nanomedicine

Nanomedicines have shown great promise in cancer therapy over the last decades.
These systems are versatile nanoscale carriers that offer to cargos protection against
harsh biological environments and modulation of their biodistribution, ultimately resulting
in enhanced therapeutic outcomes along with lower side toxicity [5]. More than 50
nanomedicines are currently available in clinics to treat a variety of diseases [6]. Since
nanomedicines were found to access solid tumors mainly through active transport
mechanisms [7], active targeting-based systems have gained greater visibility in the field
of anti-cancer therapies [8]. Active targeting strategies rely on the interaction between
ligand (nanomedicine surface) and receptor (tissue of interest), promoting higher
accumulation of cargos loaded into the nanosystems at the targeted site and, thus, an
ameliorated therapeutic efficacy. Due to the privileged anatomical location of GBM, the
brain, access of therapeutics is hindered by the presence of the most important of all
gateways and difficult-to-permeate blood-brain barrier (BBB) [9]. Moreover, it is still a
grand challenge to endow nanomedicines with the ability to target invading tumor cells
in the brain, post-BBB crossing. Taking this into consideration, single-ligand
functionalized nanomedicines, targeted to either the BBB or GBM, are not sufficient to
simultaneously circumvent the BBB restrictive environment and the need to instruct
drugs to accumulate at tumor cells [10]. This, along with the versatility of nanocarriers in

regard to the multiple possibilities of surface functionalization, open avenues for the



CHAPTER I. LITERATURE REVIEW

exploitation of multi-ligand functionalized, BBB and GBM sequentially- and dual-targeted

nanomedicines.
1.3. Structure overview in brief

This literature review will be focused on multi-ligand functionalized, BBB and GBM
sequentially- and dual-targeted nanomedicines reported in literature over the last 10
years. Moreover, GBM biological key features will be presented (niches, cell players and
tumor microenvironment (TME)), the role of the BBB in the progression of the disease
will be discussed, and current treatment options will be analyzed. Lastly, BBB and GBM
biological target opportunities, and their respective ligands, will be scrutinized and

summarized.

2. Glioblastoma - disease niches, key cell players and

tumor microenvironment

GBM is characterized by a high level of cell infiltration, migration and plasticity, as well
as inter-patient heterogeneity [11]. The GBM cell origin is still characterized by lack of
consensus among researchers, and grounded two distinct theories, namely the
astrocytes de-differentiation and stem cell theory. The astrocytes de-differentiation
theory claims that GBM originates from mature astrocytes that suffer driving mutations
along the time and return to a more primitive and pluripotent state, with capacity to
proliferate and give rise to heterogeneous progeny; on the other hand, the stem cell
theory claims that GBM oariginates from stem cells of the subventricular zone (SVZ) that
suffer malignant transformations and possess neurogenesis ability [12]. The TME of
GBM is vast in regard to cell constituents, cell-cell/cell-extracellular matrix (ECM)
interactions and function, thus leading to a tumoral organization into three typical niches
— perivascular, hypoxic and invasive (Figure 1) [13]. Niches are considered strategic
tumor areas of cancer stem cells (CSCs) residency and maximal influence of the TME
on GBM malignant features such as angiogenesis [14].

The perivascular niche is home for resident or tumor-recruited non-neoplastic (e.g.
pericytes, endothelial cells (ECs), macrophages derived from peripheral monocytes,
microglia, infiltrating neural progenitor cells (NPCs), neutrophils and myeloid-derived
suppressor cells (MDSCs)) and tumor cells, which work together to build an environment
supportive of CSC maintenance, survival and growth [15]. Although macrophages can

polarize into either a M1 (anti-tumor; pro-inflammatory) or M2 (pro-tumor; anti-
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inflammatory) phenotype, or present a continuum of phenotypes, macrophages within
the GBM TME are known to be mainly M2-like [16]. Macrophages, together with brain-
intrinsic microglia, constitute the major non-neoplastic GBM cell population — tumor-
associated macrophages (TAMs, 30-50% of the GBM bulk) — being this population key
to support tumor phenomena such as stemness, proliferation, angiogenesis and immune
suppression [17-19]. Within TAMs, and compared to microglia, macrophages of

peripheral monocyte origin are more abundant (CCR2*/CX3CR1) [20].

PERIVASCULAR NICHE HYPOXIC NICHE

‘,*ﬁ; \./ A N INVASIVE NICHE ~—=—— Endothelial cell @ Neutrophil

S N = Pericyte

(,} Circulating monocyte
Tumor cell

5
‘%ﬁ Inflammatory monocyte

G B M Cancer stem cell Z
ALt
Migrating tumor cell \] ‘T(Macrophage
B2
Q Neural progenitor cell 7§ _ ‘y
\[ Q’\ )CAcnva(ed microglial cell
A 155
s, 7
L strocits Myeloid-derived
w24 Ve suppressor cell
AN

Neuron Extracellular matrix

Figure 1 — GBM TME cell constituents, and inter-cellular and cell-ECM interactions,
within each niche — perivascular, hypoxic and invasive. Adapted with permission from

[13] and created with BioRender.com.

ECs are another example of a crucial TME non-neoplastic cell type, usually representing
5-30% of the tumor bulk in GBM patient biopsies [21]. The main role of ECs within the
TME is directly related with tumor angiogenesis, which modulates tumor maintenance
and progression, pro-tumor immune responses and therapeutic resistance [22]. The
hypoxic niche of GBM originates when tumor growth exceeds neovascularization, and is
characterized by a necrotic core and pseudopalisading areas [13]. Here, hypoxia
inducible factor 1 and 2 (HIF-1 and HIF-2, respectively) are the environmental key
players, being responsible for CSCs expansion, and recruitment of innate immune cells

such as macrophages [13, 14]. The lack of nutrients and hypoxia lead to the formation
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of new blood vessels, and adaptative processes such as cell anaerobic metabolism and
quiescence [23]. New blood vessels are formed due to the hypoxic pressure on CSCs,
which differentiate into endothelial progenitor cells and, later, endothelium structures.
The newly formed blood vessels are typically abnormal, functionally immature and larger
in diameter compared to their normal counterparts [24]. The invasive niche is
characterized by tumor cells that migrate across blood vessels to invade the surrounding
brain tissue [13]. Within this niche, major cell components are ECs and endothelium-
supportive pericytes, microglia and neurons. GBM invasive margin cells are responsible
for around 85% of tumor relapses, that usually take place within 2 cm? of the infiltrative
margin [25, 26]. Few examples of molecular features that have been reported for GBM
invasive margin cells are the consistent upregulation, and expression by tumor core and
rim region cells to a significantly lower extent, of the SERPINE1, FGF1 and ALDH1A1
genes, which are associated with primary mechanisms of GBM invasion by ECM
degradation via plasmin, angiogenesis promotion and stem-like subpopulations,
respectively [27, 28]. In the invasive niche, GBM cells ensure the blood supply needs by
populating the areas of pre-existing blood vessels and causing the displacement of
astrocytic endfeet from ECs, therefore promoting invasion through hijacking of the
existing vasculature - process termed vessel co-option [29]. The ECM, in turn, is tailored
by each cell component of the GBM TME, often resulting in conditions favorable to tumor
progression [13]. 90% of all GBMs originates in the temporal, parietal or frontal lobe,
while only 10% is found in the occipital lobe and, rarely, on the cerebellum, spinal cord
or brainstem [30]. Primary GBM develops de novo (around 90% of the cases), affects
mostly the elderly, and is characterized by epidermal growth factor receptor (EGFR)
amplification (36% of cases), p16INK4a deletion (31% of cases), loss of heterozygosity
10g (70% of cases) and PTEN mutations (25% of cases). Whereas, secondary GBM
originates from pre-existing low-grade astrocytomas, affects mostly younger patients,
and is genetically characterized by TP53 mutations, which are the most common and
earliest detectable alterations in approximately 60% of the low-grade precursor tumors
[6, 31].

2.1 The blood-brain barrier and blood-brain tumor barrier roles

The brain is a privileged anatomical part of the body due to the presence of the most
protective CNS gatekeeper, namely the BBB. First termed as “barrier” by Stern and
Gautier in 1918, the BBB is mainly composed by ECs connected by tight and adherens
junctions, surrounded by an ECM basal lamina embedding pericytes and astrocytic

endfeet and, to a lower extent, microglia and neuron projections (Figure 2A) [32, 33].
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The BBB presents a specialized network of transport channels that orchestrate the brain
influx of molecules pivotal for CNS homeostasis and surveillance, and efflux of toxic
byproducts [34]. This barrier is the richest network of blood capillaries in the body,
characterized by 10 to 15 um average distance between capillaries, and the ability to
provide supply to brain cells in a ratio of about one capillary per neuron [35]. Compared
to ECs of other anatomical sites, BBB ECs are non-fenestrated, due to a reduced number
of pores in their membrane, and present limited pinocytic and intracellular vesicular
trafficking [32]. Transcellular trafficking across the BBB (Figure 2B) can occur through:
(i) carrier-mediated transport, or (ii) vesicle-mediated transcytosis via receptor (RMT)- or
adsorptive (AMT)-mediated transcytosis [32]. Carrier-mediated transport does not
involve a vesicular transport, uses either facilitated diffusion or active transport, and is
responsible for the transport of molecules such as amino acids, glucose and vitamins
[36, 37]. For RMT, characterized by active transport mechanisms, one of the possible
BBB trafficking pathways involves clathrin-dependent endocytosis - herein, dynamin
regulates the formation of the initial vesicle, the clathrin coat is further shed, and the
vesicle fuses with the early endosome (sorting endosome). The endocytosed cargo is
afterwards directed to late endosomes (and eventually to the lysosomal degradation
pathway) or transcytotic vesicles [38]. Another trafficking pathway for RMT, shared with
AMT, involves the endocytosis of molecules via caveosomes, which are uncoated
vesicles based on lipid rafts stabilized by caveolin-1 that are speculated to avoid
degradation pathways [36]. AMT is based on the interaction of polycationic molecules
with negative components of the membrane of BBB ECs, hence triggering the delivery
of the cargos into the brain [39]. Transferrin (Tf), lactoferrin, insulin, and lipoproteins are
examples of molecules that undergo RMT across the BBB, while albumin and other
plasma proteins are transported by AMT [40]. BBB trafficking through passive diffusion
is practically negligible, since it only applies for highly lipophilic drugs with a molecular
weight lower than 500 Da [41]. The transport of substances across the BBB is highly
restrictive compared to other tissues and scrupulously controlled due to the brain-
protecting nature of this barrier. However, despite restricting the brain permeability of
harmful agents, the BBB also prevents 98% and nearly 100% of all small molecule and
macromolecular drugs, respectively, to successfully reach the brain tissue [42]. In fact,
the drug-impenetrable BBB is a major responsible for the 50% lower chances of CNS
drug candidates to reach de market, compared to other therapeutic areas [43].
Therefore, the inability to successfully surpass the BBB is a major obstacle in the field of
drug delivery to the brain.

The concept of the blood-brain tumor barrier (BBTB) arose to describe areas of

physically altered BBB as a consequence of brain tumor damage and TME biological
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pressures (Figure 2C). In the case of GBM, certain tumor areas are reported to possess
a BBTB, characterized by a leaky and disrupted BBB [44]. This is associated with the
impact of tumor events on the BBB structural integrity, leading to loss or displacement of
astrocytic endfeet, lower expression of EC junction proteins, and an abnormal pericytic
distribution [45-47]. However, it is known that the BBTB is localized at the tumor bulky
core, while a gross region beyond the magnetic resonance imaging (MRI) contrast-
enhancing tumor bulk, consisting of the peritumoral region and, specially, the tumor
invasive margins, present an intact BBB [32, 48, 49]. The BBTB at the tumor bulky core
is surrounded by areas of significant necrosis, where a leaky barrier and, consequently,
higher permeation of therapeutics from blood, does not necessarily result in a therapeutic
advantage [6, 50]. Altogether, the existence of a localized BBTB does not soften the fact
that therapeutic delivery to GBM still poses a grand clinical challenge — the tumor
invasive margins, encircled by an intact BBB, are highly correlated with tumor recurrence
and disease progression. Thus, it is general consensus that drug distribution across an
intact BBB is an important validation step in the development of novel therapies for GBM
and other brain tumors, not placing too much hope on limited areas of BBTB [49].
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3. Glioblastoma treatment options — standard of care,

limitations and opportunities

The current standard of care (SOC) for GBM relies on maximally safe surgical resection,
followed by (i) concomitant radiotherapy and temozolomide (TMZ) chemotherapy for 6
weeks, and (ii) adjuvant TMZ chemotherapy for 6 months [54]. This radiotherapy and
TMZ pharmacotherapy regimen was proposed by Stupp et al. in 2005 — the so-called
Stupp protocol - when findings from a randomized controlled trial revealed that
radiotherapy plus TMZ significantly improve the overall survival (OS) and progression-
free survival (PFS) of newly diagnosed GBM patients compared to radiotherapy alone
(14.6 versus 12.1 months OS; 53.9% versus 36.4% PFS at 6 months) [55]. GBM surgical
resection is often challenging since the boundaries of the tumor are not easily
distinguishable from the surrounding brain tissue, ultimately leading to tumor relapse due
to the invasive potential of residual tumor cells [56]. Apart from the SOC, four drugs and
two medical devices are currently approved by the Food and Drug Administration (FDA)
for the treatment of GBM (Figure 3): lomustine (1976), intravenous carmustine (1977),
wafer implants of carmustine (Gliadel; 1996: recurrent GBM; 2003: newly diagnosed
GBM), bevacizumab (2009), intratumoral thermotherapeutic iron oxide NPs
(NanoTherm; 2010: recurrent GBM), and tumor treating fields (TTFs; Optune; 2011:
recurrent GBM; 2015: newly diagnosed GBM) [5]. Despite some of them are approved
for newly diagnosed GBM, these alternative FDA-approved treatments have been mainly
used to manage recurrent GBM and disease symptoms [54]. Importantly, among these
treatment alternatives, only TTFs have demonstrated ability to significantly improve OS
and PFS of newly diagnosed GBM patients when combined with adjuvant TMZ
chemotherapy (20.5 versus 15.6 OS; 56% versus 37% PFS at 6 months) [57]. However,
following these findings, worldwide brain cancer experts decided to not yet add TTFs to
the SOC due to marginal survival benefits, high costs, and patient compliance issues
[58]. Nonetheless, over time, TTFs have gained great acceptance, not only because of
the above-mentioned OS and PFS numbers, but also due to an increase in the 5-year
survival of GBM patients from approximately 5% to 13% compared to the SOC arm [59].
Other treatment modalities, such as immunotherapy [9], gene therapy [60] and

phototherapy [61] are emerging as promising therapeutic approaches for GBM.

10



CHAPTER I. LITERATURE REVIEW

1976 2009
Lomustine Bevacizumab
Alkylating chemotherapeutic Anti-angiogenic therapeutic
L w
= .
1996 . 2010
- Gliadel® . NanoTherm®
Wafer implants of carmustine = Intratumoral thermotherapeutic
. (alkylating chemotherapeutic) . iron oxide NPs (medical device)
» - w
] - :
\z' /‘ L : L :
A . u A
L\ ee 1980 1990 & 2000 @  @®20100
H . .
. . .
GBM - 1977 . . 2011
®
Carmustine Optune

Alkylating chemotherapeutic Tumor treating fields

(medical device)

2005
Stupp protocol (SOC)

Temozolomide
Alkylating chemotherapeutic

Figure 3 — Clinically approved drugs and medical devices for GBM treatment.

Although the Stupp protocol has remained the SOC for the past 20 years, great efforts
have been invested in developing new and more effective therapeutic approaches to
combat the lethal course of GBM. As already discussed in Section 3.1, a significant
limitation is the presence of the BBB — the inability to surpass this barrier in
therapeutically relevant concentrations limits the application of the most prospective
drugs. Moreover, nearly 50% of the available anti-cancer drugs are characterized by
poor water solubility, which challenges their formulation and compromises drug
therapeutic concentration in biological fluids [62, 63]. Another challenge to the
development of more effective therapeutic approaches is the short half-life of certain
therapeutic molecules that are degraded or cleared from bloodstream minutes after their
administration, thus requiring frequent dosing [64]. To circumvent this, chemical
modification of these molecules with polyethylene glycol (PEG) might be a strategy to
lengthen the therapeutics half-life, but it is nowadays known that free PEG moieties on
drug-PEG conjugates lower their interaction with cancer cells [65]. Other modifications
include the synthesis of cell-penetrating protein complexes and engineered fc-based
proteins, but such direct derivatization of drug molecules deserves careful consideration
as it might significantly alter anti-tumor efficacy [66]. Alongside with frequent drug dosing
needs, the lack of tumor site targetability of anti-cancer therapeutics results in the
emergence of severe side effects. This is particularly critical for chemotherapeutics,

since they are able to trigger anti-proliferative mechanisms or cell cycle arrest in any type
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of rapidly proliferating or dividing cell, independently of its healthy or tumor nature [67].
As an example, common TMZ side effects include nausea and vomiting, fatigue,
headache and myelosuppression [68, 69]. Still in regard to GBM chemotherapy, TMZ
presents an outstanding capacity of crossing the BBB (blood plasma to cerebrospinal
fluid ratio of 0.2-0.3), but also well reported mechanisms of drug resistance and poor
anti-cancer potency, as demonstrated by a 50% inhibitory concentration (ICso) in U-87
MG GBM cells of 800 uM [70, 71]. Therefore, this opens a room of opportunities for
exploiting other chemotherapeutics, with a higher tumoricidal potency, such as docetaxel
(DTX), paclitaxel (PTX), doxorubicin (DOX) or irinotecan - 0.041, 1.054, 0.061 and
10.916 UM ICsp in U-87 MG GBM cells, respectively [70]. However, it is crucial to address
key pharmaceutical constrains of these drugs, including low aqueous solubility, BBB
permeation (blood plasma to cerebrospinal fluid ratio as low as 0.001) and GBM cell
targeting post-BBB crossing (only 1% tumor uptake of the total administered dose) [72].

4. Nanomedicine to combat the Ilimitations of

glioblastoma therapeutics

Over the years, several nanomedicine strategies have been proposed to prevent,
diagnose and treat a wide range of diseases. Nanomedicine gained popularity in the late
1990s and, according to the European Technology Platform on Nanomedicine (ETPN),
its definition relies on “(...) the application of nanotechnology to health. It exploits the
improved and often novel physical, chemical, and biological properties of materials at the
nanometric scale.” [73-75]. The US National Institutes of Health (NIH) standards, in turn,
limit the definition of nanomedicine to nanotechnologies applied to medicine in the size
range between 1 and 100 nm [76]. However, this definition is often considered too
restrictive since several clinically approved nanomedicines exceed 100 nm, such as
Abraxane (130 nm) and others, as reviewed elsewhere [77].

Nanomedicines are known to possess distinctive features that make them attractive for
therapeutic delivery, including: (i) possibility of targeted delivery to a tissue, cell or
organelle of interest, (ii) enhancement of formulation constraints of cargo molecules (e.g.
agueous solubility, in vivo half-life), (iii) amelioration of drug therapeutic indexes by
increased efficacy and/or reduced toxicity, (iv) molecule release in a sustained or
stimulus-triggered manner, (v) easing of delivery of biomacromolecule drugs, (vi) delivery
of cocktails of cargos, (vii) facilitation of transcytosis of molecules across difficult-to-
permeate biological barriers, and (viii) single-vehicle combination and delivery of

therapeutic and imaging cargos [75]. There are more than 50 clinically-approved
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nanomedicines currently available as prescription medicine [6] — Table 1A of Appendix
| summarizes clinically-approved nanomedicines for cancer therapy (clinical advantages
of these nanomedicines compared to the free drug reviewed in detail elsewhere) [5, 78,
79]. The progress of the nanomedicine field has generated diverse classes of systems
with several different matrix compositions, shapes, mechanical properties, surface
decorations, sizes, among others (Figure 4A) [80]. Polymeric nanoparticles (NPs),
particularly solid particles, have been focus of considerable research due to their
versatile physicochemical properties (e.g. hydrophobicity, size, charge) according to the
manufacture protocol (e.g. matrix composition, precursors molecular weight, energy
shearing), sustained release of cargo molecules over time, and possibility of
encapsulation of cargo molecules with variable characteristics (e.g. from small molecule
to biomacromolecule drugs, from practically water-insoluble to highly hydrophilic
molecules) [81]. Poly(lactic-co-glycolic acid) (PLGA) is one of the most popular synthetic
polymeric matrix used in drug delivery systems, and adds to the list of advantages of
polymeric NPs an easy, reproducible and scalable production, as well as FDA approval
for human use [82, 83]. Actually, PLGA entered the clinics in the early 1970s, as
biodegradable surgical sutures, but its unique properties of biodegradability,
biocompatibility and mechanical strength received the attention of pharmaceutical
scientists, further leading to the emergence of drug delivery applications [84]. A gold
standard modification of PLGA NPs relies on the combination of PLGA with PEG, thus
endowing the system with multiple possibilities of surface modification by

functionalization of the outer arms of PEG [78].

4.1 Targeted glioblastoma nanomedicine

Targeted nanomedicines, using active targeting strategies, are systems typically
functionalized with surface moieties complementary to target sites of interest in the
human body, such as tumor and vascular cells, intracellular organelles and ECM tags
[72]. Active targeting strategies arose from the need to improve the sub-optimal
biodistribution of nanomedicines, ultimately leading to the accumulation and premature
release of therapeutic molecules in off-target healthy tissues and, consequently, a
reduced therapeutic efficacy alongside with considerable side effects [78]. A strong basis
for these targeted strategies is the antibody-drug conjugates already approved in clinics,
whose antibody counterpart is often used to direct and deliver the conjugated drug to
specific cancer cells - there are around 15 of these antibody-drug conjugates currently

used in cancer therapy, as extensively reviewed elsewhere [85-87]. Some examples
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include: (i) Mylotarg (first antibody-drug conjugate in the market, approved in 2000)
containing gemtuzumab to target the leukemia patient-overexpressed CD33 antigen
(90% of clinical cases) and deliver the N-acetyl gamma calicheamicin cytotoxic agent;
(i) Kadcyla (first antibody-drug conjugate in the market for solid tumors, approved in
2013) containing trastuzumab to target the breast cancer patient-overexpressed HER2
protein (25% of clinical cases) and deliver the mertansine/DM1 cytotoxic agent. Herein,
the binding of trastuzumab to the HERZ2 protein also exerts a therapeutic effect per se,
apart from targeting, based on the anti-tumor activation of the immune system and
blocking of tumor cell growth by HER2 stimulation; (iii) Tivdak (antibody-drug conjugate
in the market for solid tumors, approved in 2021) containing tisotumab to target the
cervical cancer patient-overexpressed tissue factor (30% of clinical cases) and deliver
the monomethyl auristatin E cytotoxic agent [85, 88-90]. It is also interesting to note that
these clinically-approved antibody-drug conjugates already exploit mechanisms of
stimuli-sensitive drug delivery. For instance, Mylotarg uses an acid-cleavable hydrazone
linker between the antibody and drug counterparts, in order to profit from the hydrazone
stability and rapid hydrolysis under neutral pH and lysosomal acidic conditions (4.5-5.0
pH), respectively. This triggers the release and delivery of the drug counterpart in the
intracellular milieu of the CD33-targeted tumor cells. On the other hand, Tivdak uses an
enzyme-cleavable valine-citrulline group between the antibody and drug counterparts
that is recognized by cathepsin B, an enzyme overexpressed in the extracellular milieu
of the targeted tissue factor-overexpressed cancer cells, and exclusively present in the
intracellular lysosomal compartment of healthy mammals. This triggers the selective
release and delivery of the drug counterpart only in the extracellular environment of the
targeted tumor cells [86].

Although antibody-drug conjugates use antibody moieties to target the tumor, targeted
cancer nanomedicines can present a diversity of other target-recognition surface
molecules, including proteins, peptides, aptamers and amino acids, attached to the NP
surface [80]. Although there is currently no clinically-approved targeted nanomedicine in
the market [91], the field has experienced a research boom over the past years, and
several candidates are undergoing clinical trials (examples presented in Table 1B of
Appendix I). Perhaps the most appealing targeted cancer nanomedicine candidate over
the past decade was BIND-014 (Figure 4B). It consisted of poly(lactic acid) (PLA) and
PEG NPs encapsulating DTX, surface decorated with S,S-2-[3-[5-amino-1-
carboxypentyl]-ureido]-pentanedioic acid (ACUPA), to target the prostate-specific
membrane antigen (PSMA) overexpressed by prostate cancer cells [92]. BIND-014
pioneering nanotechnology resulted in the foundation of BIND Biosciences, and the

initiation of Phase | clinical trials in 2007. In the patient cohort of Phase | trials
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(NCT01300533), BIND-014 was well tolerated, demonstrated dose-dependent linear
pharmacokinetics and an improved circulation time. However, in phase Il trials
(NCT02479178), the low response to treatment observed, along with manufacturer
constraints, led to the termination of BIND-014 testing [93]. Careful analysis of this failure
suggests that the inter-patient tumor heterogeneity and lack of patient stratification prior
to treatment administration, as often performed for molecularly targeted therapeutics and

antibody-drug conjugates, were responsible for the unmet endpoints of BIND-014 [8, 94].

4.1.1 Blood-brain barrier/neovasculature and tumor targets

The transferrin receptor (TfR) has been widely exploited for brain-targeted drug delivery
since it is significantly overexpressed by ECs of the brain capillaries compared with other
tissues [95, 96]. The transport of iron to the brain, to maintain iron homeostasis, is the
major biological role of TfR and occurs through RMT in a clathrin-dependent pathway
that involves the formation of endosomal vesicles [38]. Besides being overexpressed by
BBB ECs, TfR is also overexpressed by tumor cells undergoing rapid proliferation such
as GBM cells, therefore making this receptor a promising target for both BBB- and GBM-
targeted therapies [97]. Ligands that recognize and bind TfR include the Tf protein [98-
103] and the T7 peptide [104, 105]. Similarly to TfR, the low-density lipoprotein receptor
(LDLR) has also been vastly exploited for the purpose of BBB- and GBM-targeted drug
delivery, since it presents overexpression in both ECs of brain capillaries and tumor cells
[106]. Contrary to brain capillaries, LDLR is often downregulated in large vessels, where
its transcytosis rate is considerably lower compared with the brain tissue [107]. LDLR
controls the brain homeostasis of cholesterol, and internalizes cargos through RMT in a
clathrin- or caveolin-dependent pathway [38]. The Angiopep-2 peptide (ANG2) is the
best-known LDLR-targeting ligand [108-112], but other ligands that recognize and bind
the receptor include the Pep-22 peptide [113] and, indirectly, Polysorbate 80 [114].
Nicotine acetylcholine receptors (nAChRs) and choline transporters also present a very
high expression at the brain due to their role in modulating the transport of acetylcholine
or choline and, an aspect of particular interest, working as a gateway for the entrance of
certain viruses in the brain such as the rabies virus [38]. Although further research is
required to better understand the trafficking mechanisms behind these transporters, the
nAChR-targeted D8 peptide ligand [115] and choline analogues [116] have shown a
promising BBB-targeting ability. Focus of great attention in the fields of GBM
neovasculature and cell targets have been the avf3 integrins. These molecules are
poorly expressed by quiescent ECs, but highly expressed by ECs of newly formed

vascular structures such as the tumor neovasculature [117]. Moreover, avp3 integrins
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are overexpressed by glioma cells compared with normal brain cells [118]. A well-studied
ligand for av3 integrins in the context of neovasculature- and tumor-targeted delivery is
the RGD peptide [103, 113, 119-122]. The RGD peptide is also reported to bind the
neuropilin-1 receptor (NRP1R) of cancer cells [119]. The folate receptor, in turn, can also
be used for both BBB/neovasculature and GBM targeting since it is overexpressed by
glioma cells, tumor-associated vasculature and the intact BBB [123]. Thus, folic acid-
based NP surface moieties have been exploited to shuttle nanosystems across the BBB
and target brain tumor cells [102, 114]. Other classes of receptors that have been
studied for brain- or brain- and tumor-targeted delivery, respectively, are the dopamine
and sigma receptors. These receptors present a prominent expression in most parts of
the CNS such as the BBB and, for sigma receptors only, an overexpression by brain
tumor cells [124]. Heparan sulfate residues have also been considered as a potential
brain-targeting strategy in brain tumor scenarios since their expression is augmented in
neovascular ECs [125, 126]. For GBM cell targeting, the interleukin-13 (IL-13) o2
receptor is one of the few receptors that is specifically overexpressed by GBM cells but
undetectable in normal brain cells, thus making it an attractive target for GBM-targeted
therapies with high selectivity for tumor cells along with low toxicity for healthy brain
resident cells [127]. However, in order to understand the failure in clinical trials of
therapies molecularly targeted to the IL-13 a2 receptor, several patient specimens were
analyzed and it was concluded that the percentage of clinical GBMs that present IL-13
a2 receptor overexpression is actually lower than 50% [128]. Nevertheless, if the strategy
is preceded by proper patient stratification to maximize the targeting effect, the Pep-1
peptide [125] or IL-13 peptide [121, 122] are promising choices as IL-13 a2 receptor-
targeted ligands. Similarly to the IL-13 a2 receptor, the EGFR might be used as a GBM
target, since the receptor is overexpressed by GBM cancer cells and is involved in the
process of tumorigenesis [129]. However, it should be taken into consideration that only
approximately 36% of clinical GBMs present EGFR amplification, thus, EGFR-targeted
therapies require a patient pre-selection [6, 31]. The EP-1 peptide is an example of an
EGFR-targeted moiety [108]. The glucose-regulated protein 78 (GRP78) is another
option for GBM cell targeting since it is highly expressed in clinical GBMs in comparison
with normal brain specimens [130]. The expression of GRP78 is induced by TME key
features, including glucose starvation, oxidative stress and hypoxia [131]. The RI-VAP
peptide has been used as a NP surface ligand for GBM GRP78 targeting [115]. Nucleolin
is a cell surface protein abnormally expressed in GBM cells, promoting the binding of
signaling molecules that stimulate cancer proliferation [132]. An aptamer with high affinity
for nucleolin, AS1411, has been used for GBM targeting purposes [101, 109, 133, 134].

The CD13 receptor has also been used as a GBM cell target, since it is overexpressed
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by glioma cells and, moreover, neovascular ECs [135]. The NGR peptide has been
reported to target the CD13 receptor [104, 136]. Amino acid transporters such as the L-
type amino acid transporter 1 (LAT1) also offer great promise as GBM targets. LAT1
fulfils the high metabolic demands of GBM cells through amino acid uptake [137], hence
evidencing amino acids as potential NP surface moieties to target the transporter. LAT1
presents overexpression by GBM cells, lower expression in low-grade gliomas, and
basal expression in the normal cerebral cortex [137-139]. A different class of NP surface
moieties that potentiate GBM tissue penetration consist of cell penetrating peptides
(CPPs). These peptides are usually based on cationic or amphipathic sequences that
possess ability to cross cellular membranes, although they cannot be considered tumor-
selective [140]. Examples of CPPs that have been used for GBM cell accumulation
include the R8 [98, 112], penetratin (Pen) [99, 100] and TAT [105, 110] peptides.
Following the same rationale, despite not common, the tLyp-1 peptide has been used as
a CPP for BBB cell targeting and accumulation [141]. Another approach for GBM
targeting consists of using ligands directed to TME components, including the
programmed death 1 (PD-1) protein on cytotoxic T cells [116], and the NKG2A receptor
on T and natural killer (NK) cells [141].
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Figure 4 — A) Diverse classes of systems resulting from the progress of the
nanomedicine field over recent years, leading to the report of several different matrix
compositions, shapes, mechanical properties, surface decorations, sizes, among others.
Reproduced with permission from [80]. Copyright 2022 American Chemical Society. B)
Formulation composition, key parameters and physicochemical characteristics (green
range) of the targeted cancer nanomedicine candidate BIND-014. Adapted with

permission from [8].
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4.2 Multi-ligand functionalized blood-to-glioblastoma

sequentially targeted nanomedicines

The need to overcome two physiological barriers in the context of GBM intravenous
therapies, namely the BBB and tumor barrier, opens avenues for the development of
novel BBB and GBM dual-targeted nanosystems presenting multi-ligand surface
functionalization. These nanosystems are designed to perform sequential biological
roles, as the following: (i) BBB targeting and consequent blood-to-brain transport, and
(i) tumor cell targeting once arrival at the brain parenchyma.

Gao et al. proposed a DTX-loaded polymeric NP system of polycaprolactone (PCL) and
PEG, targeted to the BBB LDLR by an ANG2 peptide moiety, and further decorated with
a TME matrix metalloproteinase-2 (MMP-2)-activable R8 CPP for enhanced GBM cell
accumulation [112]. In an in vivo therapeutic efficacy trial, the dual-ligand NP group
demonstrated an increase in the median survival of a C6 GBM orthotopic mouse model
(32 days), compared to the untreated group (19 days), non-functionalized NPs (20 days),
NPs presenting only the MMP-2-activable R8 CPP (26 days), and NPs presenting only
the ANG2 peptide moiety (27 days) — of important note, non-nanoparticulate DTX was
not included as a control group in the study. Other authors developed DTX-loaded
dithiolane trimethylene carbonate and PEG micelles, using ANG2 peptide for both LDLR
BBB and glioma cell targeting, along with a TAT CPP for enhanced glioma cell
penetration [110]. It was observed an improved median survival in a U-87 MG GBM
orthotopic mouse model (53 days), compared with the untreated group (24 days), free
DTX (30 days), non-functionalized NPs (33 days), and NPs presenting only the ANG2
peptide moiety (44 days). In another study, liposomes loaded with DOX and erlotinib
were decorated with a Tf protein moiety for BBB TfR targeting, and a Pen CPP for
enhanced GBM cell accumulation (Figure 5) [99]. In vivo, the median survival of a U-87
MG GBM orthotopic mice model increased to 36 days compared with the untreated group
(22 days), free drugs cocktail (25 days), non-functionalized NPs (25.5 days), liposomes
presenting only the Tf moiety (30 days), and liposomes presenting only the Pen CPP
moiety (27.5 days). The same authors previously proposed a similar liposome system
for 5-fluorouracil loading, which presented a 20-30% cell viability decrease in a 3D in
vitro tumor model in comparison with the free drug, non-functionalized liposomes, Tf-

functionalized liposomes and Pen CPP-functionalized liposomes [100].
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Figure 5 — Multi-ligand, BBB and GBM dual-targeted nanosystem based on liposomes
loaded with DOX and erlotinib, surface decorated with Tf (BBB targeting) and Pen CPP
(GBM targeting) moieties. A) Nanosystem design. B) In vitro inhibition of tumor cell
viability. C) In vivo brain accumulation of the different formulations. D) Kaplan-Meier
survival curves of mice after treatment. E) Histological sections of brain displaying tumor
regression (red circle) after treatment. The images were taken at 20x magnification.
PBS, dox-erlo, plain, Tf, Pen and Tf-Pen denote the untreated group, free drugs cocktail
(DOX and erlotinib), non-functionalized liposomes, liposomes presenting only the Tf
moiety, liposomes presenting only the Pen CPP moiety, and liposomes presenting both

the Tf and Pen CPP moieties, respectively. Adapted with permission from [99].

Wang et al. exploited the dual-functionalization of PLGA NPs with the BBB LDLR-
targeted ANG2 peptide, and an AS1411 aptamer targeted to the cancer cell-
overexpressed nucleolin, in order to deliver DOX to GBM [109]. It was found that the
dual-functionalized NP system was not able to ameliorate the BBB in vitro crossing
capacity compared with NPs functionalized with only ANGZ2, providing a permeability
advantage only compared with the free drug, non-functionalized NPs and AS1411-
functionalized NPs. In a different approach, other authors functionalized DOX-loaded
dendrimer nanocarriers with ANG2 and an EGFR-targeting peptide (EP-1) for BBB and
GBM cell targeting, respectively [108]. The system was tested in a U-87 MG GBM
orthotopic mice model and provided 34 days median survival, which represented an
improvement compared with the untreated group, free DOX, non-functionalized NPs,
NPs functionalized with only ANG2, and NPs functionalized with only EP-1 (16, 19, 24,
31 and 27 days, respectively). A more advanced approach focused on the development
of a polymeric NP system, surface modified with a BBB choline transporter-targeted
molecule and a tumor programmed death-ligand 1 (PD-L1) acid-cleavable antibody

[116]. The BBB-targeted molecule was expected to shuttle the NPs to the brain, while
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the PD-L1 antibody was attached to the NPs via an acid-cleavable strategy to promote
its release from the carrier upon encountering the TME acidic pH — the release from the
carrier was expected to allow the antibody to exert its therapeutic role through binding to
the PD-1 protein on cytotoxic T cells, ultimately resulting in a T cell-mediated anti-tumor
immunity. In a LCPN GBM orthotopic mice model, the median survival of animals was
increased to 19 days compared with the untreated group (8 days), free PD-L1 antibody
(8 days) and non-functionalized NPs (12 days), respectively - herein, it would have been
interesting to unravel the therapeutic benefit of the pH-sensitive properties by testing the
control based on BBB-targeted NPs presenting a non-cleavable PD-L1 antibody moiety
[116]. In what concerns highly advanced systems, Fu et al. proposed vincristine-loaded,
erythrocyte  membrane-enveloped lipid NPs (longer circulation half-life and lower
immunogenicity), surface modified with the BBB TfR- and GBM CD13-targeted T7 and
NGR peptides, respectively (Figure 6) [104]. In a C6 orthotopic GBM mice model, the
system provided an increased median survival of animals (36 days) in comparison with
the untreated group, free drug, non-functionalized NPs, NPs presenting only the T7
moiety, and NPs presenting only the NGR moiety (18, 19, 20, 29 and 21 days,
respectively). Of important note, despite the selection of a nude mice model, the tumor
was based on a rat-based GBM xenograft, instead of the conventional human-based
xenografts (e.g. U-87 MG GBM). In the same GBM rodent model, Lv et al. assessed the
efficacy of PLGA and PEG polymeric NPs, encapsulating PTX, surface decorated with
CGKRK and Pep-1 peptides to target neovascular ECs (heparan sulfate) and GBM cells
(IL-13 a2 receptor), respectively [125]. It was observed a promising improvement in the
median survival of animals treated with the developed NPs (61 days) compared with the
untreated group, free PTX, non-functionalized NPs, NPs decorated with only CGKRK,
and NPs decorated with only Pep-1 (17, 22, 24, 34 and 32 days, respectively).
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Figure 6 — Multi-ligand, BBB and GBM dual-targeted nanosystem based on vincristine-
loaded, erythrocyte membrane-enveloped lipid NPs, surface modified with the BBB TfR-
and GBM CD13-targeted T7 and NGR peptides, respectively. A) Nanosystem design. B)
Biodistribution of formulations in mice-bearing intracranial C6 GBM. C) Kaplan-Meier
survival curves of mice after treatment. D) Distribution of NPs in mice brain determined
by confocal laser scanning microscopy. Formulations were labeled with cyanine5.5 (red),
and cell nuclei with DAPI (blue). The yellow line shows the margin of the intracranial
glioma, and the arrow points the location of glioma cells. RBC, SLN, DSPE-PEG2000-T7,
DSPE-PEG2000-NGR, T7/NGR-RBCSLNs, RBCSLNs, NGR-RBCSLNs, T7-RBCSLNs
and VCR denote red blood cells, solid lipid NPs, NP lipid modified with the T7 peptide,
NP lipid modified with the NGR peptide, T7 and NGR NPs, non-targeted NPs enveloped
by erythrocyte membranes, NGR-functionalized NPs, T7-functionalized NPs, and
vincristine, respectively. Adapted with permission from [104].

Gao et al. exploited the use of polymeric NPs to target the GBM IL-13 a2 receptor (IL-13
peptide surface moiety), but using a brain targeting strategy focusing on the BBB av33
integrins (RGD peptide surface moiety) [122]. In a C6 orthotopic GBM mice model, the
NPs loaded with DTX provided a superior animal median survival (35 days), compared
with the untreated group (17 days), free DTX (20 days), non-functionalized NPs (22
days), RGD peptide-functionalized NPs (27 days) and IL-13 peptide-functionalized NPs

(26 days). In a different approach, PEGylated liposomes loaded with DOX were surface
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decorated with a cyclic RGD peptide to target both neovasculature and GBM cells (av33
integrins), while a second surface decoration based on p-hydroxybenzoic acid (pHA)
served the purpose of BBB targeting (dopamine receptors) [120]. In a U-87 MG GBM
orthotopic mice model, the dual-functionalized liposomes provided the longest median
survival, 35 days, compared with the other treatment controls (20, 23, 26.5, 30 and 28.5
days for the untreated group, free DOX, non-functionalized NPs, pHA-functionalized NPs
and cyclic RGD-functionalized NPs, respectively). Farshbaf et al. proposed bortezomib-
loaded lipid NPs, surface functionalized with the D8 and RI-VAP peptides to target the
BBB nAChRs and GBM cell GRP78 surface marker, respectively (Figure 7) [115]. In a
GL261 GBM orthotopic mice model, the authors found out a promising increase in the
median survival of animals treated with the proposed dual-targeted system (46 days),
compared with the untreated group (16 days), free drug (26 days), non-functionalized
NPs (30 days), NPs functionalized with only the D8 peptide (36 days), and NPs
functionalized with only the RI-VAP peptide (29 days). Bruun and colleagues proposed
lipid NPs for sSiRNA model delivery, surface modified with the ANG2 peptide for both BBB
and GBM targeting, and TME matrix metalloproteinase (MMP)-activable glutamic acid
residues [111]. These glutamic acid residues were expected to cause negative to positive
charge switch at the tumor site, favoring GBM cell endocytosis and endosomal escape.
The in vitro uptake in U-87 MG GBM cells and bEnd.3 BBB cells was significantly
enhanced compared with non-functionalized NPs, but no relevant differences were found
between the proposed formulation and the control formulation without ANG2, suggesting
the poor effect of ANG2 in regard to BBB and GBM cell targeting [111]. In the field of
biologic-responsive nanosystems, other authors developed mesoporous ruthenium
inorganic NPs attached with [Ru(bpy)2(tip)]>* (RBT) via tumor glutathione-cleavable
bonds, surface functionalized with Tf and the AS1411 aptamer to target the BBB TfR and
GBM nucleolin, respectively [101]. The median survival of a U-87 MG GBM orthotopic
mice model was increased to 40 days, which was longer than the untreated group (22
days), free drug (26 days) and NPs presenting only the Tf moiety (34 days) — the effect
of NPs functionalized with only the AS1411 aptamer was not assessed. As an adjuvant
therapeutic effect, the median survival suffered a proportional increase across all
treatment types under laser irradiation, since the irradiated RBT provided photodynamic
therapy by the local production of reactive oxygen species that augmented tumor cell

apoptosis [101].
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Figure 7 — Multi-ligand, BBB and GBM dual-targeted nanosystem based on bortezomib-
loaded lipid NPs, surface functionalized with the D8 and RI-VAP peptides to target the
BBB nAChRs and GBM cell GRP78 surface marker, respectively. A) Nanosystem design
and proposed biological mechanism. B) Cellular uptake of NP formulations by
hCMEC/D3 BBB cells (left) and GL261 GBM cells (right). C) Ex vivo fluorescence
imaging of brain of intracranial glioma-bearing mice harvested 24 h after NPs
administration. D) Kaplan-Meier survival curves of mice after treatment. NLCs,
csGRP78, D8-NLCs, RI-VAP-NLCs, dual NLCs and BTZ denote nanostructured lipid
NPs, cell surface GRP78, D8 peptide-functionalized NPs, RI-VAP peptide-functionalized
NPs, NPs functionalized with both D8 and RI-VAP peptides, and bortezomib,
respectively. Adapted with permission from [115].

Table 2 of Appendix | summarizes the multi-ligand functionalized, BBB- and GBM-dual
targeted nanomedicines reported in literature data. A scheme of the main biological
targets exploited in the development of multi-ligand functionalized, BBB and tumor dual-
targeted nanomedicines for GBM therapies over the past 10 years is presented in Figure
8.
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Figure 8 — Main biological targets exploited in the development of multi-ligand
functionalized, BBB and tumor dual-targeted nanomedicines for GBM therapies over the
past 10 years. Created with BioRender.com.

5. Remarks and considerations

Multi-ligand functionalized, BBB and GBM sequentially- and dual-targeted
nanomedicines have shown promising capacity to precisely target (i) BBB cells, inducing
transport form blood to brain, and (i) GBM cells, leading to a higher tumor therapeutic
accumulation. The BBB and GBM sequentially- and dual-targeted nanomedicines herein
revised demonstrated the ability to successfully penetrate the BBB and lower tumor cell
viability in different in vivo testing models that emulate the GBM clinical scenario.
Moreover, the anti-GBM therapeutic outcomes of these nanomedicines were generally
superior compared with each of the single-ligand nanosystem control counterparts
(targeted to either the BBB or GBM) and the free cargo controls. However, there is
significant room for improvement, and the road to translation is still long and winding.
Since GBM is characterized by a high level of molecular heterogeneity, thus leading to
dynamic variations in the percentage of expression of the envisaged targets, it is
necessary to ensure patient stratification prior to the treatment administration in order to

make sure that the dual-targeting properties of the nanosystems are maintained. In
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addition, priority should be given to receptor or transporter targets that are less prone to
saturation and rapidly recycled at the cell surface, which will lead to higher rates of
transport across the BBB and tumor barriers. The development of the nanocarriers
should be based on a careful design since the presence of more than one surface
targeting ligand might cause phenomena of inter-steric hindrance, thus compromising
the individual targetability of each one of the ligands. Herein, it should be of interest to
play with polymer outer arms (e.g. PEG) to endow the nanocarrier surface with different
length layers of each ligand or, as another alternative, develop stimulus-sensitive
systems that eliminate the BBB-targeting ligand during blood-to-brain transport, in order
to surface expose further ligands responsible for GBM targeting without hindrance
constraints. Lastly, it is foreseen that future clinical approval of the first targeted
nanomedicines will help to speed up the process of translation of more complex systems,
such as these multi-ligand functionalized, dual-targeted nanomedicines.
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1. OVERVIEW AND MOTIVATION

Glioblastoma (GBM) is the most common primary malignant brain tumor and presents a
dismal median survival of approximately 15 months from diagnosis [1]. The current
standard of care (SOC) relies on maximally safe surgical resection followed by
radiotherapy plus concomitant and adjuvant temozolomide (TMZ) oral chemotherapy [2].
Despite such a heavy treatment setting, GBM recurrence is often inevitable due to the
development of further satellite tumors that form at distant locations in the brain and arise
from remaining and infiltrative non-targeted tumor cells. Several late phase clinical trials
have failed to demonstrate a meaningful anti-GBM therapeutic benefit [3], with deprived
drug delivery to the brain and systemic toxicity as major causes of these fails [4]. Poor
drug delivery to the brain is necessarily associated with the presence of the blood-brain
barrier (BBB) — a brain-protective barrier that also prevents most systemic therapeutic
molecules from penetrating the brain parenchyma, resulting in low efficacy of brain
disease treatments [5]. Altogether, the only first-line drug available for GBM treatment is
still TMZ, which was approved more than 15 years ago [2] - TMZ presents an unigue
capacity to surpass the BBB (blood plasma to cerebrospinal fluid ratio of 0.2-0.3 [6]) but,
on the less positive side, well reported mechanisms of resistance and a poor tumoricidal
potency highlighted by an I1Cso of approximately 1 mM in GBM cells [7]. Therefore, GBM
is considered an area of unmet clinical need where new therapeutic approaches are
urgently required. Strategic directions for the development of these new therapeutic
approaches might include the exploitation of alternative chemotherapeutics with a higher
tumoricidal potency — this is the case of docetaxel (DTX) that presents an ICsoin GBM
cells approximately 100,000-times lower than TMZ [7]. However, key challenges
regarding the use of DTX in anti-GBM therapies reside on circumventing the principal
pharmaceutical constrains of this drug, including (i) a suboptimal aqueous solubility, (ii)
very poor BBB permeation (blood plasma to cerebrospinal fluid ratio of 0.001-0.09 [8]),
and lack of tumor cell targeting (only 1% of tumor tissue uptake of the total dose [9]).

Poor drug delivery to the brain and systemic toxicity, which are responsible for the failure
of the most prospective anti-cancer therapeutics in clinical trials, can be overcome
through the use of targeted nanomedicine. Nanomedicines are attractive systems for
therapeutic delivery since they are able to (i) enhance the formulation constraints of
cargo molecules (e.g. low aqueous solubility), (ii) provide cargo release in a sustained
manner, and (iii) promote transcytosis of cargo molecules across difficult-to-permeate
biological barriers such as the BBB and tumor barriers [10]. Among nanomedicine
systems, nanoparticles (NP) of the poly(lactic-co-glycolic acid) (PLGA) polymer are focus

of great interest due to their biodegradable, biocompatible and versatile matrix, as well
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as reproducible and scalable production [11, 12]. A gold standard modification of PLGA
NPs relies on the surface decoration with polyethylene glycol (PEG), thus endowing them
with multiple possibilities of surface modification by functionalization of the PEG outer
arms [13]. Surface modification has been key to modulate the responsiveness of PLGA
and PEG NPs to certain biologic stimuli [14]. Several studies have attempted the surface
functionalization of NPs with targeting ligands that recognize and bind specific cell
transporters usually overexpressed or preferentially present at the site of interest [11, 15,
16]. These targeted nanomedicines promote higher accumulation and/or probability of
intracellular transport of therapeutic NPs at the target site, therefore ameliorating drug
therapeutic indices and reducing off-target side effects [17]. Surface functionalization
with ligands targeted to BBB or GBM cells has been exploited to shuttle therapeutic NPs
from blood to brain, or provide tumor cell intracellular transport of drug cargos,
respectively [18]. However, single-ligand functionalized NPs, targeted to either the BBB
or GBM, are not sufficient to simultaneously circumvent the BBB restrictive environment
and the need to instruct drugs to accumulate at tumor cells [19]. Thus, the need to
simultaneously and sequentially target the privileged anatomical location of GBM (BBB-
protected brain) and the invading GBM cells, opens avenues for the exploitation of multi-

ligand functionalized and multi-targeted nanomedicines.

2. AIMS AND OBJECTIVES

2.1 Main aim (CHAPTER III)

The main aim of this doctoral thesis was to develop an intravenous multi-stage
blood-to-tumor polymeric NP platform to deliver DTX to GBM. Here, NPs of PLGA
and PEG encapsulating DTX are proposed for the composition of the NP platform. The

main aim can be divided into two sub-aims, including:

Endow this NP platform with tumor-accumulating properties (transport
towards tumor cells of the brain): NPs will present a PLGA core along with a short-
length PEG shielding coupled with a first targeting ligand, L-Histidine amino acid
(His), to target the GBM-overexpressed L-type amino acid transporter 1 (LAT1) and
trigger transport into tumor cells. LAT1 is a promising target for GBM therapies, since
it is extensively reported to be overexpressed by GBM cells, whilst expressed only in

basal levels in the normal cerebral cortex [20-22].
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Endow this NP platform with BBB-targeting properties (blood-to-brain
transport): Apart from the previous His surface functionalization, PLGA core NPs
will present an acid-cleavable long-length PEG shielding coupled with a second
targeting ligand, Angiopep-2 peptide (ANG2), to target the BBB-overexpressed low-
density lipoprotein receptor (LDLR) and trigger blood-to-brain endocytosis. ANG2
has been one of the most exploited LDLR-ligands in the field of brain-targeted
nanomedicine due to its proven capability of shuttling NP systems across the BBB

[5, 23]. The acid-cleavable properties will ensure that the PEG-ANG2 moiety

separates from the PLGA core of the NPs after they encounter the acidic pH of
endosomes during BBB endocytosis, in order to lower ANG2-LDLR avidity and
increase the efficiency of the process of NP trafficking from blood to brain [24, 25].
The acid-cleavable properties, along with the difference of length of the PEG

shielding used for His (low) and ANG2 (high) attachment, will assure that, after
separation of the PEG-ANG2 moiety from the PLGA core of the NPs, surface His
become free of steric hindrance and able to perform further tumor targeting.

This is the first time that a multi-ligand functionalized NP platform is proposed to
sequentially target the BBB and GBM through exploitation of a BBB-responsive transport
mechanism. Over the past 10 vyears, other authors exploited multi-ligand
functionalization of therapeutic NPs for BBB and GBM targeting [26-35], but none of the
proposed systems presented BBB-stimulus responsiveness to boost NP permeation
across the BBB [24, 25], paving the way to allow tumor-targeted loaded cargos to exert

an enhanced anti-GBM effect.

Specific tasks for the main aim of this doctoral thesis include:

a. Chemical synthesis of the His and acid-cleavable ANG2 polymeric conjugates that
will constitute the NP matrix.

b. Manufacturing and characterization of DTX-loaded NPs assembled from the
polymeric conjugates synthesized in (a).

c. In vitro validation of the NPs regarding tumor uptake, cytotoxicity and BBB
permeability.

d. In vivo validation of the NPs in a GBM rodent model regarding biodistribution,

therapeutic efficacy and systemic toxicity.

The work related with the main aim of this doctoral thesis will be presented in CHAPTER
.
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2.2 Secondary aim (CHAPTER 1V)

The secondary aim of this doctoral thesis was to develop and validate a novel GBM

3D in vitro model as an evaluation tool of anti-cancer nano-therapeutics.

The lack of appropriate GBM in vitro models that recapitulate the in vivo complexity of
the disease, and accurately predict the therapeutic response in a clinical setting, is one
of the challenges faced by anti-GBM nanomedicines in what concerns clinical translation
[36, 37]. Here, a multicellular tumor microtissue (MCTM), based on a heterotypic tumor
spheroid-like structure, is proposed to emulate the tumor microenvironment (TME) of
GBM. The GBM MCTM will include: a GBM tumor cell line, macrophages differentiated
from healthy blood donors’ peripheral monocytes, and brain microvascular primary

endothelial cells.

This is the first time that a GBM 3D in vitro model combines GBM cells with both primary
macrophages and endothelial cells of human and brain origin, respectively, instead of
only GBM cells and macrophages (as cell line) or endothelial cells [38-41]. This is

expected to increase the fidelity of the proposed in vitro model for preclinical testing.

Specific tasks for the secondary aim of this doctoral thesis include:

a. High-throughput production of GBM MCTMs using agarose micro-molding
technology.

b. Morphological and histological characterization of the GBM MCTMs.

c. Validation of the ability of GBM MCTMs to respond to therapy using a model nano-
therapeutic, namely the DTX-loaded His-functionalized NPs produced in (2.1i) for
GBM targeting via LAT1. The validation involves the investigation of MCTM cell
uptake, cytotoxicity, macrophage polarization and biomolecular signature post-

treatment.

The work related with the secondary aim of this doctoral thesis will be presented in
CHAPTER IV.

2.3 Symbiosis of supervision institutions

The main focuses of the Nanomedicines & Translational Drug Delivery group of Instituto

de Investigacdo e Inovagdo em Saude (i3S) are the development and characterization
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of (i) multifunctional nanoformulations with preventive, diagnostic or therapeutic
application in the pharmaceutical and biomedical fields, such as in the field of cancer,
and (iii) biorelevant in vitro cell models of excellent in vitro/in vivo correlation to predict
drug bioavailability and understanding of the cell-nanomaterial interactions. This group
has a vast expertise in tailoring a wide range of nanoformulations, such as polymer-
based, to target specific tissues and surpass difficult-to-permeate biological barriers
(including a great focus on the BBB), ultimately enhancing the therapeutic effect of their
payloads for treatment of high-burden diseases such as cancer.

The Advanced Drug Delivery and Biomaterials group of University of Louvain is
specialized in the use of nanomedicines for cancer applications such as GBM treatment,
and pioneered important advancements in the field of anti-cancer controlled release
nanosystems to induce long-term survival in GBM-bearing animal models. This
institution counts with up-to-date technologies for in vivo testing, as well as an extensive
know-how in GBM rodent models. Specialized technologies for in vivo testing,
biophysical, bioimaging and analytical characterization of nanomedicines will be
provided.

The Advanced Materials and Healthcare Technologies division of the School of
Pharmacy of University of Nottingham provides state-of-the-art facilities for the
manufacture and characterization of translationable nanoformulations. The research
activities of this institution align with the needs of this doctoral thesis and focus on the
manufacture and implementation of new dosage formulations for targeted healthcare
(precision medicine), with key expertise in the manufacture, functionalization,

characterization, delivery and application of nanoformulations to biological targets.

44



CHAPTER II. OVERVIEW, MOTIVATION, AIMS AND TASKS

REFERENCES

[1] R. Stupp, M. Brada, M.J. van den Bent, J.C. Tonn, G. Pentheroudakis, High-grade
glioma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up, Ann
Oncaol, 25 (2014) iii93-101.

[2] R. Stupp, W.P. Mason, M.J. van den Bent, M. Weller, B. Fisher, M.J. Taphoorn, K.
Belanger, A.A. Brandes, C. Marosi, U. Bogdahn, J. Curschmann, R.C. Janzer, S.K.
Ludwin, T. Gorlia, A. Allgeier, D. Lacombe, J.G. Cairncross, E. Eisenhauer, R.O.
Mirimanoff, Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma,
N Engl J Med, 352 (2005) 987-996.

[3] W. Wu, J.L. Klockow, M. Zhang, F. Lafortune, E. Chang, L. Jin, Y. Wu, H.E. Daldrup-
Link, Glioblastoma multiforme (GBM): An overview of current therapies and mechanisms
of resistance, Pharm Res, 171 (2021) 105780.

[4] B. Pajak, Looking for the holy grail-drug candidates for glioblastoma multiforme
chemotherapy, Biomedicines, 10 (2022) 1001.

[5] W. Zhang, A. Mehta, Z. Tong, L. Esser, N.H. Voelcker, Development of polymeric
nanoparticles for blood—brain barrier transfer—strategies and challenges, Adv Sci, 8
(2021) 2003937.

[6] S. Ostermann, C. Csajka, T. Buclin, S. Leyvraz, F. Lejeune, L.A. Decosterd, R. Stupp,
Plasma and cerebrospinal fluid population pharmacokinetics of temozolomide in
malignant glioma patients, Clin Cancer Res, 10 (2004) 3728-3736.

[7] W. Yang, J. Soares, P. Greninger, E.J. Edelman, H. Lightfoot, S. Forbes, N. Bindal,
D. Beare, J.A. Smith, I.R. Thompson, S. Ramaswamy, P.A. Futreal, D.A. Haber, M.R.
Stratton, C. Benes, U. McDermott, M.J. Garnett, Genomics of Drug Sensitivity in Cancer
(GDSC): A resource for therapeutic biomarker discovery in cancer cells, Nucleic Acids
Res 41 (2012) D955-D961.

[8] A.J. ten Tije, W.J. Loos, M. Zhao, S.D. Baker, R.H. Enting, H. van der Meulen, J.
Verweij, A. Sparreboom, Limited cerebrospinal fluid penetration of docetaxel, Anticancer
Drugs, 15 (2004) 715-718.

[9] S. Wilhelm, A.J. Tavares, Q. Dai, S. Ohta, J. Audet, H.F. Dvorak, W.C.W. Chan,
Analysis of nanopatrticle delivery to tumours, Nat Rev Mater, 1 (2016) 16014.

[10] J. Shi, P.W. Kantoff, R. Wooster, O.C. Farokhzad, Cancer nanomedicine: progress,
challenges and opportunities, Nat Rev Cancer, 17 (2017) 20-37.

[11] C. Martins, F. Sousa, F. Aragjo, B. Sarmento, Functionalizing PLGA and PLGA
derivatives for drug delivery and tissue regeneration applications, Adv Healthc Mater, 7
(2018) 1701035.

45



CHAPTER II. OVERVIEW, MOTIVATION, AIMS AND TASKS

[12] B. Wan, J.V. Andhariya, Q. Bao, Y. Wang, Y. Zou, D.J. Burgess, Effect of polymer
source on in vitro drug release from PLGA microspheres, Int J Pharm, 607 (2021)
120907.

[13] M. Souri, M. Soltani, F. Moradi Kashkooli, M. Kiani Shahvandi, M. Chiani, F.S.
Shariati, M.R. Mehrabi, L.L. Munn, Towards principled design of cancer nhanomedicine
to accelerate clinical translation, Mater Today Bio, 13 (2022) 100208.

[14] M. Elsabahy, K.L. Wooley, Design of polymeric nanopatrticles for biomedical delivery
applications, Chem Soc Rev, 41 (2012) 2545-2561.

[15] R. Mout, D.F. Moyano, S. Rana, V.M. Rotello, Surface functionalization of
nanoparticles for nanomedicine, Chem Soc Rev, 41 (2012) 2539-2544.

[16] L. Feng, C. Zhu, H. Yuan, L. Liu, F. Lv, S. Wang, Conjugated polymer nanoparticles:
preparation, properties, functionalization and biological applications, Chem Soc Rev, 42
(2013) 6620-6633.

[17] J. Shi, Z. Xiao, N. Kamaly, O.C. Farokhzad, Self-assembled targeted nanoparticles:
evolution of technologies and bench to bedside translation, Acc Chem Res, 44 (2011)
1123-1134.

[18] S. Quader, K. Kataoka, H. Cabral, Nanomedicine for brain cancer, Adv Drug Deliv
Rev, 182 (2022) 114115.

[19] Y. Zhu, J. Feijen, Z. Zhong, Dual-targeted nanomedicines for enhanced tumor
treatment, Nano Today, 18 (2018) 65-85.

[20] Z. Haining, N. Kawai, K. Miyake, M. Okada, S. Okubo, X. Zhang, Z. Fei, T. Tamiya,
Relation of LAT1/4F2hc expression with pathological grade, proliferation and
angiogenesis in human gliomas, BMC Clin Pathol, 12 (2012) 4.

[21] H. Nawashiro, N. Otani, N. Shinomiya, S. Fukui, H. Ooigawa, K. Shima, H. Matsuo,
Y. Kanai, H. Endou, L-type amino acid transporter 1 as a potential molecular target in
human astrocytic tumors, Int J Cancer, 119 (2006) 484-492.

[22] P. Hafliger, R.-P. Charles, The L-Type amino acid transporter LAT1 - an emerging
target in cancer, Int J Mol Sci, 20 (2019) 2428.

[23] A. Duro-Castano, D. Moreira Leite, J. Forth, Y. Deng, D. Matias, C. Noble Jesus, G.
Battaglia, Designing peptide nanoparticles for efficient brain delivery, Adv Drug Deliv
Rev, 160 (2020) 52-77.

[24] X. Tian, D.M. Leite, E. Scarpa, S. Nyberg, G. Fullstone, J. Forth, D. Matias, A.
Apriceno, A. Poma, A. Duro-Castano, M. Vuyyuru, L. Harker-Kirschneck, A. Sari¢, Z.
Zhang, P. Xiang, B. Fang, Y. Tian, L. Luo, L. Rizzello, G. Battaglia, On the shuttling
across the blood-brain barrier via tubule formation: Mechanism and cargo avidity bias,
Sci Adv, 6 (2020) eabc4397.

46



CHAPTER II. OVERVIEW, MOTIVATION, AIMS AND TASKS

[25] A.J. Clark, M.E. Davis, Increased brain uptake of targeted nanoparticles by adding
an acid-cleavable linkage between transferrin and the nanoparticle core, Proc Natl Acad
Sci USA, 112 (2015) 12486-12491.

[26] Z. Jin, L. Piao, G. Sun, C. Lv, Y. Jing, R. Jin, Dual functional nanoparticles efficiently
across the blood—brain barrier to combat glioblastoma via simultaneously inhibit the PI3K
pathway and NKG2A axis, J Drug Target, 29 (2021) 323-335.

[27] X. Wang, Y. Zhao, S. Dong, R.J. Lee, D. Yang, H. Zhang, L. Teng, Cell-penetrating
peptide and transferrin co-modified liposomes for targeted therapy of glioma, Molecules,
24 (2019) 3540.

[28] S. Lakkadwala, B. dos Santos Rodrigues, C. Sun, J. Singh, Dual functionalized
liposomes for efficient co-delivery of anti-cancer chemotherapeutics for the treatment of
glioblastoma, J Control Release, 307 (2019) 247-260.

[29] C. Liu, Z. Zhao, H. Gao, I. Rostami, Q. You, X. Jia, C. Wang, L. Zhu, Y. Yang,
Enhanced blood-brain-barrier penetrability and tumor-targeting efficiency by peptide-
functionalized poly(amidoamine) dendrimer for the therapy of gliomas,
Nanotheranostics, 3 (2019) 311-330.

[30] Z. Belhadj, C. Zhan, M. Ying, X. Wei, C. Xie, Z. Yan, W. Lu, Multifunctional targeted
liposomal drug delivery for efficient glioblastoma treatment, Oncotarget, 8 (2017) 66889-
66900.

[31] J.-Q. Gao, Q. Lv, L.-M. Li, X.-J. Tang, F.-Z. Li, Y.-L. Hu, M. Han, Glioma targeting
and blood-brain barrier penetration by dual-targeting doxorubincin liposomes,
Biomaterials, 34 (2013) 5628-5639.

[32] X. Zhu, H. Zhou, Y. Liu, Y. Wen, C. Wei, Q. Yu, J. Liu, Transferrin/aptamer
conjugated mesoporous ruthenium nanosystem for redox-controlled and targeted
chemo-photodynamic therapy of glioma, Acta Biomater, 82 (2018) 143-157.

[33] C. Chen, Z. Duan, Y. Yuan, R. Li, L. Pang, J. Liang, X. Xu, J. Wang, Peptide-22 and
cyclic RGD functionalized liposomes for glioma targeting drug delivery overcoming BBB
and BBTB, ACS Appl Mater Interfaces, 9 (2017) 5864-5873.

[34] P. Zhang, L. Hu, Q. Yin, L. Feng, Y. Li, Transferrin-modified c[RGDfK]-paclitaxel
loaded hybrid micelle for sequential blood-brain barrier penetration and glioma targeting
therapy, Mol Pharm, 9 (2012) 1590-1598.

[35] Y. Zhu, Y. Jiang, F. Meng, C. Deng, R. Cheng, J. Zhang, J. Feijen, Z. Zhong, Highly
efficacious and specific anti-glioma chemotherapy by tandem nanomicelles co-
functionalized with brain tumor-targeting and cell-penetrating peptides, J Control
Release, 278 (2018) 1-8.

47



CHAPTER II. OVERVIEW, MOTIVATION, AIMS AND TASKS

[36] F. Madani, S.S. Esnaashari, T.J. Webster, M. Khosravani, M. Adabi, Polymeric
nanoparticles for drug delivery in glioblastoma: State of the art and future perspectives,
J Control Release, 349 (2022) 649-661.

[37] S. Dordevi¢, M.M. Gonzalez, |. Conejos-Sanchez, B. Carreira, S. Pozzi, R.C.
Acurcio, R. Satchi-Fainaro, H.F. Florindo, M.J. Vicent, Current hurdles to the translation
of nanomedicines from bench to the clinic, Drug Deliv Transl Res, 12 (2022) 500-525.
[38] M.J. Gattas, I.G. Estecho, M.A. Lago Huvelle, A.E. Errasti, E.A. Carrera Silva, M.
Simian, A heterotypic tridimensional model to study the interaction of macrophages and
glioblastoma in vitro, Int J Mol Sci, 22 (2021).

[39] M. Tang, S.K. Tiwari, K. Agrawal, M. Tan, J. Dang, T. Tam, J. Tian, X. Wan, J.
Schimelman, S. You, Q. Xia, T.M. Rana, S. Chen, Rapid 3D bioprinting of glioblastoma
model mimicking native biophysical heterogeneity, Small, 17 (2021) 2006050.

[40] M.A. Heinrich, R. Bansal, T. Lammers, Y.S. Zhang, R. Michel Schiffelers, J. Prakash,
3D-bioprinted mini-brain: A glioblastoma model to study cellular interactions and
therapeutics, Adv Mater, 31 (2019) e1806590.

[41] E.A. Akins, M.K. Aghi, S. Kumar, Incorporating tumor-associated macrophages into
engineered models of glioma, iScience, 23 (2020) 101770.

48



CHAPTER lll. Stimuli-responsive
multifunctional nanomedicine for
enhanced glioblastoma
chemotherapy

This chapter was based on the following publications:
e C Martins, M Aratjo, A Malfanti, C Pacheco, SJ Smith, B Ucakar, R Rahman, JW

Aylott, V Préat, B Sarmento. “Stimuli-responsive multifunctional hanomedicine for

enhanced glioblastoma chemotherapy augments multistage blood-to-brain trafficking
and tumor targeting” (manuscript under review)

¢ C Martins, B Sarmento. "Cell interplay model to assess the impact of glioma cells on
blood-brain barrier permeability”, in Methods in Molecular Biology, Ed. N Stone, in
press, Springer, 2022

e C Martins, B Sarmento. "Microfluidic-manufacturing of multi-targeted PLGA/PEG
nanoparticles for delivery of taxane chemotherapeutics”, in Methods in Molecular
Biology, Ed. K Jain, 2059:213-224, Springer, 2020

49



CHAPTER IIl. STIMULI-RESPONSIVE MULTIFUNCTIONAL
NANOMEDICINE FOR ENHANCED GLIOBLASTOMA CHEMOTHERAPY

ABSTRACT

Minimal therapeutic advances have been achieved over the past two decades for
glioblastoma (GBM), which remains an unmet clinical need. Here, hypothesis driven
stimuli-responsive nanoparticles (NPs) for docetaxel (DTX) delivery to GBM are
reported, with multifunctional features that circumvent insufficient blood-brain barrier
(BBB) trafficking and lack of GBM targeting — two major hurdles for anti-GBM therapies.
NPs were dual-surface tailored with a (i) brain-targeted acid-responsive Angiopep-2
moiety that triggers NP structural rearrangement within BBB endosomal vesicles, and (ii)
L-Histidine moiety that provides NP preferential accumulation into GBM cells post-BBB
crossing. In tumor invasive margin patient cells, the stimuli-responsive multifunctional
NPs targeted GBM cells, enhanced cell uptake by 12-fold, and induced 3-times higher
cytotoxicity in 2D and 3D cell models. Moreover, the in vitro BBB permeability was
increased by 3-fold. A biodistribution in vivo trial confirmed a 3-fold enhancement of NP
accumulation into the brain. Lastly, the in vivo anti-tumor efficacy was validated in GBM
orthotopic models following either intratumoral or intravenous administration. Median
survival and number of long-term survivors was increased by 50%. Histological,
hematologic or blood biochemical systemic toxicity was not detected. Altogether, a
preclinical proof of concept supported these stimuli-responsive multifunctional NPs as
an effective anti-GBM multistage chemotherapeutic strategy, with ability to respond to

multiple fronts of the GBM microenvironment.

KEYWORDS

Blood-brain barrier; Drug delivery; Dual-ligand functionalization; Glioblastoma;

Nanomedicine; Stimuli-responsiveness; Targeting.
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1. INTRODUCTION

According to the Global Cancer Observatory 2020, the incidence of brain cancers is
currently averaging 300,000 new cases per year, associated with 250,000 deaths
worldwide [1]. From this, glioblastoma (GBM) is the most prevalent and lethal type of
brain cancer, with less than 15-month median survival [2]. The current standard of care
relies on surgical resection, followed by radiotherapy and temozolomide (TMZ)
chemotherapy. TMZ presents an unique capacity to cross the blood-brain barrier (BBB),
but also well reported mechanisms of resistance and a poor tumoricidal potency
highlighted by an ICso of approximately 800 uM (U-87 MG GBM cell line) [3]. Therefore,
avenues are open for exploiting more tumoricidal chemotherapeutics such as docetaxel
(DTX), which presents an ICso of only 0.04 uM (U-87 MG GBM cell line) [3]. However,
key challenges to address reside on circumventing the principal pharmaceutical
constrains of DTX, which include a (i) suboptimal aqueous solubility, (i) poor BBB
permeation - blood plasma to cerebrospinal fluid ratio of 0.001-0.09 versus 0.2-0.3 for
TMZ [4, 5] -, and lack of GBM cell accumulation post-BBB crossing - 1% tumor tissue
uptake of the total dose [6].

Over recent years, targeted cancer nanomedicine has provided multi-component
nanoparticle (NP) systems with the ultimate goal of improving the biological performance
of difficult-to-deliver cargos, such as DTX. NP nanomedicines are able to counterattack
the principal pharmaceutical constraints of DTX by providing (i) safekeeping depot
systems that enhance drug solubilization, (ii) shuttling vehicles across biological barriers
that improve drug bioavailability at the site of interest, and (iii) a navigation function for
tissue targeting and/or accumulation enhancement purposes [7]. In the field of cancer
nanomedicine, the biocompatible, biodegradable and Food and Drug Administration
(FDA)-approved poly(lactic-co-glycolic acid) (PLGA) polymer has been widely explored
as a matrix for NP assembly [8]. One of the gold standard modifications for PLGA NP
systems relies on its combination with polyethylene glycol (PEG), which endows PLGA
NPs with a plethora of surface tailoring options by functionalization of the PEG outer
arms [9].

Surface tailoring has been key to modulate the responsiveness of nanomedicines, such
as PLGA/PEG NPs, to specific biologic stimuli. Ligand moieties are typically attached to
the NP surface to recognize strategic cell transporters preferentially present or
overexpressed at the target tissue, leading to higher drug accumulation at the target site,
improved therapeutic responses and reduced off-target effects. On the other hand,

nanomedicines have been surface-tailored to take advantage of pH gradients naturally
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inherent to certain microenvironments, such as cell machinery compartments or tumors.
Focusing on cell machinery compartments in light of the interest of this work,
nanomedicines with acid-cleavable features have been proved promising to stimuli-
triggered drug delivery since early and late endosomes are characterized by a pH 4.5—
6.5 [10]. An optimal NP design relies on systems with sufficient stability under near
neutral physiological conditions, and capable of a triggered response upon endosomal
trafficking through the use of acid-cleavable chemical bonds. As an example, this could
cause NP structural rearrangement in order to cleave and consequently remove a first
surface layer, and expose a second surface layer, hence escaping the setback of steric
hindrance. Acid-cleavable chemical bonds used for this purpose include acetals and
hydrazones, typically hydrolyzed under pH 5 and 5.5 in approximately 6 min and 3 h,
respectively [11].

Herein, we propose a novel intravenous therapy for GBM based on a stimuli-responsive
multifunctional PLGA/PEG NP platform encapsulating DTX and fostering the perfect
symbiosis between BBB targeting and endocytosis, structural rearrangement within the
acidic pH of BBB endosomes, and enhancement of GBM cell accumulation post-BBB
trafficking. The proposed NPs will present a PLGA core alongside with (i) an acid-
cleavable long-length PEG shielding coupled with a first targeting ligand, Angiopep-2
peptide, to target the BBB-overexpressed low-density lipoprotein receptor (LDLR) and
trigger blood-to-brain endocytosis [12, 13], and (ii) a short-length PEG shielding coupled
with a second targeting ligand, L-Histidine (termed His), to target the tumor-
overexpressed L-type amino acid transporter 1 (LAT1) [14-16] and trigger BBB-to-GBM
transport. Angiopep-2 has been one of the most exploited LDLR-ligands in the field of
brain-targeted nanomedicine due to its proven capability of shuttling nanosystems
across the BBB via LDLR and, consequently, increase the endocytosis and/or
transcytosis rates by several-fold [12, 13]. Whereas, LAT1 is a promising target for GBM
therapies, extensively reported to be overexpressed by GBM cells [14-16] - analysis of
clinical samples confirmed that LAT1 is significantly overexpressed in high-grade
gliomas, expressed in lower levels in low-grade gliomas, and expressed only in basal
levels in the normal cerebral cortex (Figure S1). The NP acid-cleavable properties will
assure that the long-length PEG-Angiopep-2 separates from the NP structure after
encountering the acid pH of endosomes during BBB trafficking to facilitate endosomal
escape and NP expulsion towards the brain [17]. On the other hand, the difference of
PEG length will assure that, after separation of the long-length PEG shielding from the
NP structure, the second targeting ligand, His, coupled with a PEG shielding of short-
length, is surface exposed due to steric de-protection. This is the first time that a multi-

ligand functionalized NP system is proposed to sequentially target the BBB and GBM
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through exploitation of a BBB-responsive transport mechanism. Over the last 10 years,
other authors exploited multi-ligand functionalization of therapeutic NPs for BBB and
GBM targeting [18-27], but none of these systems presented BBB-stimulus
responsiveness to boost NP permeation across the BBB [17, 28], paving the way to allow
tumor-targeted loaded cargos to exert an enhanced anti-GBM effect. In this work,
targeting polymeric conjugates with Angiopep-2 and His moieties were chemically
synthesized to assemble the stimuli-responsive multifunctional NPs, which were further
evaluated regarding cell uptake and cytotoxicity in 2D and 3D models of conventional
cell lines and GBM invasive margin (GIN) patient cells, and BBB permeability. Moreover,
in vivo biodistribution and therapeutic efficacy studies following intratumoral and
intravenous administration were performed to provide a preclinical proof of concept. A

schematic illustration is displayed in Figure 1A.

2. MATERIALS AND METHODS

2.1 Materials

PLGA-COOH was kindly provided by Corbion (Netherlands). Hydrocortisone, ascorbic
acid, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, basic fibroblast growth factor,
resazurin, acetic acid, dimethylformamide,  N-hydroxysuccinimide,  N,N-
dicyclohexylcarbodiimide,  N,N-diisopropylethylamine, paraformaldehyde, uranyl
acetate, Poloxamer 407, diethyl ether, methanol, dichloromethane, tris(2-
carboxyethyl)phosphine, potassium bromide, acetonitrile, a-Cyano-4-hydroxycinnamic
acid, deuterated dichloromethane, deuterated dimethyl sulfoxide, trypsin,
paraformaldehyde, COOH-L-Histidine-BOC, isoflurane and hematoxylin and eosin
(H&E) staining solution were acquired from Sigma-Aldrich (USA); DTX from LC
Laboratories (USA); endothelial basal medium-2, high glucose Dulbecco's Modified
Eagle medium and SeaKem® LE agarose from Lonza (Switzerland); acetonitrile,
Coomassie Reagent, Versene, 10x TrypLE™ Select and human fibronectin from
Thermo Fisher Scientific (USA); Triton X-100 from Spi-Chem (USA); fetal bovine serum,
penicillin-streptomycin, chemically defined lipid concentrate, Hank's Balanced Salt
Solution, rat tail collagen type | and acetic acid from Gibco (USA); Cy7.5 carboxylic acid
from Lumiprobe (Germany); Alexa Fluor® 546 Phalloidin from Life Technologies (USA).
Transwell® cell culture inserts (transparent polyester membrane, 12-well plate format, 1
pm pore size) were purchased from Corning (USA). PLGA-PEG(2K)-NH;, PLGA-acetal-
PEG(5K)-Mal, PLGA-PEG(5K)-Mal, mPEG(2K)-PLGA and mPEG(5K)-PLGA were
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acquired from Ruixibio (China). PLGA-FKR648 and PLGA-FITC were acquired from
Akina (USA). Angiopep-2 modified with a N-terminal cysteine was purchased from
GenScript (USA). Rabbit cleaved caspase-3 antibody was purchased from Cell Signaling
Technology (USA), and rabbit Ki67 antibody was purchased from Abcam (UK). DAB
staining was purchased from Vector Labs (USA). The X-junction microfluidic chip (Quartz
Droplet Junction Chip, 190 um etch depth) was acquired from Dolomite (UK). Amicon
Ultra-15 centrifugal filter units (molecular weight cutoff of 100K) were acquired from
Merck Millipore (USA). U-87 MG, U-251-MG and U-373 MG cells were purchased from
Biochrom (Germany); a non-tumor astrocyte cell line from ATCC® (USA); hCMEC/D3

cells from Cedarlane (Canada).

2.2 Chemical synthesis of the L-Histidine functionalized

targeting polymeric conjugate

A solution of COOH-L-Histidine-BOC (COOH-His-BOC, molecular weight (MW) ~ 0.255
kDa, 30.6 mg, 120 pmol), N-hydroxysuccinimide (41.4 mg, 360 pmol) and N,N-
dicyclohexylcarbodiimide (74.3 mg, 360 umol) in 9 ml anhydrous dimethylformamide was
treated with PLGA-PEG(2K)-NHz (number average molecular weight (Mn) ~ 17 kDa, 360
mg, 22 umol) and N,N-diisopropylethylamine (37.8 mg, 293 umol) in 5 ml anhydrous
dimethylformamide. The reaction was stirred for 24 h at room temperature (RT) under
inert atmosphere. The resultant mixture was poured into cold diethyl ether (80 mL),
washed 3-times with methanol (40 mL) and dried under vacuum overnight. The polymeric
conjugate was re-dissolved and filtered in 15 mL anhydrous dichloromethane, and dried
under vacuum overnight. The obtained polymeric conjugate, termed PLGA-PEG(2K)-
His-BOC, was obtained with 70% yield. A selective carbamate hydrolysis was further
employed to remove the -BOC protecting group, giving PLGA-PEG(2K)-His, as the
following: trifluoroacetic acid (455 pL, 5.9 mmol) was added to PLGA-PEG(2K)-His-BOC
(150 mg, 0.009 mmol) dissolved in anhydrous dichloromethane (16 mL), and the reaction
mixture was stirred overnight at RT under inert atmosphere. The reaction mixture was
then extracted and neutralized 3-times with a 1 M NaOH aqueous solution (8.5 mL). The
organic layer was dried under vacuum overnight, washed with cold diethyl ether (10 mL)
and dried again. The obtained polymeric conjugate, termed PLGA-PEG(2K)-His, was

obtained at a yield of around 70%.
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2.3 Chemical synthesis of the cleavable and non-cleavable

Angiopep-2 functionalized targeting polymeric conjugates

Angiopep-2 containing a N-terminal cysteine (MW ~ 2.405 kDa, 15.45 mg, 6.4 umol) was
treated with tris(2-carboxyethyl)phosphine (3.8 mg, 13.2 umol) in 8 mL anhydrous
dimethylformamide and stirred for 1 h at RT under inert atmosphere. 150 mg of either
PLGA-acetal-PEG(5K)-Mal (acid-cleavable, Mn ~ 35 kDa, 4.3 umol) or PLGA-PEG(5K)-
Mal (non-cleavable, Mn ~ 35 kDa, 4.3 pmol) dissolved in 2 mL anhydrous
dimethylformamide were then added to the mixture, and allowed to react for 24 h at 4 °C
under inert atmosphere. The reaction mixture was poured into cold diethyl ether (40 mL),
washed 3-times with methanol (30 mL) and dried under vacuum overnight, giving the
cleavable PLGA-acetal-PEG(5K)-ANG2, or the non-cleavable PLGA-PEG(5K)-ANG2,
with 85% vyield.

2.4 Characterization of the targeting polymeric conjugates

FTIR spectra were recorded with a FTIR-RAMAN Perkin Elmer 2000 (Perkin Elmer,
USA) spectrometer using the potassium bromide (KBr) pellet method. Each pellet was
prepared by blending 2 mg of the polymeric conjugate with 200 mg KBr. After a 5-min
purge of the sample chamber with N2, IR spectra were immediately recorded by
accumulation of 200 interferograms at a 4 cm™ spectral resolution over the range from
400 to 8,000 cm™ with background subtraction. MALDI-TOF MS was carried out on a
Bruker Autoflex Il with NdYAG laser (Bruker Corporation, USA), operating in reflector
positive mode. Samples were dissolved in acetonitrile at 2.5 mg mL* and mixed with the
matrix (a-Cyano-4-hydroxycinnamic acid, 10 mg mL? in 50% v/v acetonitrile) in a 1:2
matrix:sample proportion. *H NMR measurements were performed with a BRUKER
AVANCE IIl 400 MHz (Bruker Corporation, USA) or Bruker Avance Ill HD 600 MHz
(Bruker Corporation, USA) spectrometers at 25 °C in deuterated dichloromethane or
dimethyl sulfoxide. Chemical shifts are reported in ppm (& units) and were referenced to
the residual solvent signal. For water contact angle (WCA) characterization, polymeric
conjugate solutions at 1 mg mL? in dimethylformamide were prepared to coat glass
coverslips using a spin-coater at 4500 rpm for 1 min (15 pL sample, WS-650-23, Laurell
Technologies Corporation, USA). A contact angle measuring system from Data Physics,
model OCA 15, equipped with a video CCD-camera and SCA 20 software, was used
with sessile drop method. Drops of type | water (4 L) were deposited onto each sample

surface. Contact angles were measured using Laplace-Young method with brightness of
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96 and contrast of 511, at 15 s after the fall of the drop. Results are the average of six
independent samples. Bradford assay was used to quantify the amount of Angiopep-2 in
the reaction supernatants. Coomassie Reagent (150 yL) was added to the same volume
of each sample in a 96-well plate, and shaken during 30 seconds. Then, the plate was
incubated for 10 minutes at RT, and the absorbance was measured at 595 nm in a
SynergyMx™ MultiMode microplate reader (BioTek™, USA). Angiopep-2 standards
were prepared. For testing the acid-cleavable properties of PLGA-acetal-PEG(5K)-Mal,
40 mg of the polymer were suspended in an acetate buffer solution (1 M, pH 5.5),
vortexed and left overnight under vigorous stirring. Afterwards, the polymer was
recovered by centrifugation, washed 3-times with water and freeze dried (FreeZone 6,
Labconco, USA). The dried polymer was dissolved in dichloromethane (2 mL), the
solution poured into cold diethyl ether (10 mL), washed 3-times with methanol (10 mL)
and dried under vacuum overnight. The polymeric conjugate was analyzed by *H NMR
in deuterated dimethylsulfoxide.

2.5 Cell culturing

U-87 MG, U-251-MG, U-373 MG, non-tumor astrocytes (NHA) and GIN cells were
cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM), supplemented
with fetal bovine serum (FBS, 10% v/v) and penicillin-streptomycin (1% v/v). GIN cells
were derived from the infiltrative margin of GBM adult patients undergoing 5-
aminolevulinic acid (5ALA, Gliolan™) fluorescence guided neurosurgical resection at the
Queen’s Medical Centre (Nottingham, UK), and obtained from Dr Ruman Rahman. The
full protocol for cell isolation [29, 30] and cell authentication details [31] are reported
elsewhere. GIN-8 cells were isolated from a 54y female, wild-type IDH (primary GBM),
intact ATRX, 0% MGMT promoter methylation, 90% resection plus Gliadel wafers;
treatment 60Gy radiotherapy, concurrent and adjuvant TMZ; patient died 5 months after
surgery. GIN-27 cells were isolated from a 71y male, wild-type IDH (primary GBM), intact
ATRX, 0% MGMT promoter methylation, 99% resection; no adjuvant therapy (patient
choice); patient died 3 months after surgery. GIN-31 cells were isolated from a 62y
female, wild-type IDH (primary GBM), intact ATRX, 0% MGMT promoter methylation,
100% resection; treatment 60Gy radiotherapy, concurrent and adjuvant TMZ; patient
died 16.1 months after surgery. Single tandem repeat (STR) genotyping data for GIN
cells are detailed in Supporting Information (Table S1). hCMEC/D3 cells were
maintained in endothelial basal medium-2 supplemented with FBS (5% v/v), penicillin-

streptomycin (1% v/v), hydrocortisone (1.4 uM), ascorbic acid (5 ug mL™?), chemically
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defined lipid concentrate (1/100 v/v), 4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid (10 mM) and basic fibroblast growth factor (1 ng mL™?). This last supplement was
added extemporaneously in the culture medium. Cell cultures were kept in an incubator
(CellCulture CO; incubator, ESCO GB Ltd., UK) at 37 °C with 5% CO, and 95% relative

humidity. Cell culture medium was changed every 2—3 days.

2.6 Nanoparticle manufacture

The microfluidic protocol for NP manufacture was adapted from elsewhere [32-34].
Briefly, the organic phase consisted of a polymer solution at 40 mg mL* (total polymer
content (TPC) based on PLGA-COOH, Mn ~ 35 kDa, and each targeting polymeric
conjugate at the desired percentage) and DTX at 2 mg mL* in acetonitrile, whereas the
agueous phase consisted of a 1% (w/v) Poloxamer 407 aqueous solution. Both phases
were injected into a X-junction microfluidic chip with a three-inlet layout, in which the
organic (0.75 mL mint) and aqueous (2.25 mL min?) phases were injected through the
central and the two outer inlets, respectively. Each experiment was conducted until 20
mg of NPs were produced (equivalent to a 40 s run time). NPs were washed 3-times with
water and recovered by ultrafiltration using Amicon Ultra-15 centrifugal filter units. For
the obtention of fluorescent labeled NPs, 10% of the polymer content of the organic
phase consisted of either PLGA-FKR648 (Mn ~ 20 kDa) or PLGA-FITC (Mn ~ 25 kDa),
or DTX in the organic phase was replaced by Cy7.5 carboxylic acid at 0.1 mg mL-1 in
acetonitrile. To manufacture PEGylated but non-targeted NP controls, mPEG(2K)-PLGA
(Mn ~ 17 kDa) or mPEG(5K)-PLGA (Mn ~ 35 kDa) were included in the polymer content
of the organic phase, giving NP formulations termed mPEG(2K) NPs and mPEG(5K)
NPs, respectively.

2.7 Nanoparticle characterization

NPs were characterized for their average size and polydispersity index (PDI) by dynamic
light scattering (DLS), and zeta-potential through laser Doppler anemometry (LDA),
using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd.,
Worcestershire, UK). For these measurements, samples were diluted (1:100) in an ionic
solution of 10 mM sodium chloride. The morphological features of the NPs were analyzed
by transmission electron microscopy (TEM) with a JEOL JEM 1400 microscope (JEOL
Ltd., Tokyo, Japan) at an accelerating voltage of 120 kV. Images were digitally recorded
using a Gatan SC 1100 ORIUS CCD camera (Gatan, Warrendale, PA). Samples were
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prepared by dropping 10 pL of NPs suspension onto a 300-mesh nickel grid, and stained
with uranyl acetate. The amount of loaded DTX was directly quantified by high-
performance liquid chromatography (HPLC) in order to determine the association
efficiency (AE) and loading degree (LD) of the developed formulations by dissolving the
NPs in 2 mL dimethylformamide. The calculation of AE and DL followed Equation (1) and
(2), respectively.

AE (%) - Quantified loaded mass of cargo % 100 (1)

Initial mass of cargo

LD (%) - Quantified loaded mass of cargo % 100 (2)

Total mass of cargo

The quantification of DTX was performed by reversed-phase HPLC with ultraviolet
detection using a Merck-Hitachi LaChrom® HPLC system (Merck, USA). A Symmetry
C18 column (5 pum, 125x4 mm; Milford, USA) with a LiChrospher 100 RP-18 guard
column (Merck, USA) was used as stationary phase. Chromatographic runs were
performed using a gradient method at a flow rate of 1 mL/min. Initial stage was 10%
acetonitrile and 90% water from O to 5 min; from 5 to 14 min, the conditions were defined
as 60% acetonitrile and 40% water; final stage returned to 10% acetonitrile and 90%
water from 14 to 17 min. The injection volume was 50 yL per sample, analyzed at a
detection wavelength of 227 nm. For the NPs loaded with Cy7.5, the amount of loaded
Cy7.5 was quantified by mixing 5 pL of the final NP suspension with 200 pl acetonitrile,
followed by immediate measurement of the fluorescent signal (excitation 788 nm,

emission 808 nm, SpectraMax plate reader, Molecular Devices, USA).

2.8 In vitro drug release

For the release study, DTX-loaded NPs (corresponding to 273 pg of drug) were added
to 30 mL of 0.5% (w/v) Poloxamer 407 in PBS solution, pH 7.4, and then placed into an
orbital shaker incubator, at 100 rpm and 37 °C, during 24 h (sink conditions were
assured). Aliquots of 150 pL were collected at specific time points during the assay, and
the withdrawn volume was replaced with pre-heated 0.5% (w/v) Poloxamer 407 in PBS
solution. Aliquots were centrifuged at 10,000 g for 15 min and the supernatant was used

for HPLC analysis, in order to quantify the DTX released from NPs over time.
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2.9 Flow cytometry analysis

0.25x10°, 0.3x10° or 0.5x10° cells per well were seeded for U-87 MG/U-251 MG/U-373
MG (6-well plate) cells, GIN primary cells (6-well plate) and hCMEC/D3 cells (24-well
plate) [35], respectively. The cells were allowed to attach overnight, washed with
phosphate buffered saline (PBS), and PLGA-FKR648 or PLGA-FITC labeled NPs in
medium (25 uyg mL* or 300 ug mL*, respectively, 1 mL) were added for 4 h at 37 °C.
Afterwards, cells were washed twice with PBS, detached with trypsin (50/250 pL), and
150/500 pL media were added to each well. Cells were subsequently washed with PBS,
fixed with 2% paraformaldehyde (PFA) for 20 min at RT, washed again, and placed into
cytometer tubes for further analysis. Cells were analyzed using an Accuri C6 cytometer
(BD Biosciences, USA). Mean fluorescence intensity (MFI) was measured for at least
10,000 viable plus single cell gated events per sample, and all data was processed with

FlowJo software (Tree Star, USA). Experiments were performed at least in triplicate.

2.10 Confocal microscopy analysis

GIN cells were seeded in 13 mm diameter glass cover slips placed into 24-well plates
(0.06x10° cells per coverslip, 400 uL medium), and allowed to attach overnight. The
coverslips were pre-coated with human fibronectin at 2 pg cm2 for 24 h at 37 °C. The
cells were washed with PBS, and PLGA-FKR648 labeled NPs in medium (25 ug mL?, 1
mL) were added and incubated for 4 h at 37 °C. After incubation, the cells were washed
twice with PBS, fixed with 2% PFA for 20 min at RT, and washed again. The cells were
then permeabilized with 0.25% Triton-X100 (400 uL) for 10 min at RT, and rinsed with
PBS. The cells were blocked in 10% FBS in PBS for 30 min at RT. The solution was then
replaced by 400 uL of 10% FBS in PBS containing Alexa Fluor 546 labelled-phalloidin
(21:200 dilution) and incubated for 20 min at RT. The cells were rinsed 3-times with PBS,
the coverslips mounted on glass microscope slides with mounting media and dried
overnight at RT in the dark. Cells were imaged with a SP5 confocal microscope (Leica
Microsystems, Germany) and image analysis was performed with the LAS AF Lite
software (Leica). The images are shown as maximum projections of 10—20 Z-stacks with

a distance of 1-2 ym between them.

2.11 Evaluation of cell metabolic activity (2D)

For 2D cultures, 0.002x10° GIN cells per well were seeded in 96-well plates and allowed
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to attach during 48 h, in order to reach a starting confluence level of around 20-30%. For
U-87 MG, U-251 MG or U-373 MG cells, 0.010x10° cells per well were seeded in 96-well
plates and allowed to attach during 24 h. After that, the medium was removed, cells were
washed 3-times with PBS, and different concentrations of drug or NP samples (0.00045
to 4.5 yM, in regard to the drug) in medium (200 pL) were incubated up to 48 h or 96 h,
at 37 °C. For dynamic-like boost treatments, the same procedure was followed, but 4.5
UM and 45 uM concentrations of drug or NP samples in medium were added for 4 h,
cells washed 3-times with PBS and incubated with fresh medium up to 96 h. At each
time-point, the medium was removed and 200 uL resazurin (20%, v/v) in media were
added to each well and incubated for 4 h at 37 °C in the dark. After, fluorescence was
measured at the excitation and emission wavelengths of 530 nm and 590 nm,
respectively, using a SynergyMx™ MultiMode microplate reader (BioTek™, USA).
Experiments were performed at least in quadruplicate, and all data was normalized in
regard to the negative (1% Triton X-100) and positive (medium) controls, which were
considered 0% and 100% metabolic activity, respectively. Graphical data for cell
metabolic activity was referenced to a threshold of 70% cell viability according to the ISO
10993-5 standard [36].

2.12 Evaluation of cell metabolic activity (3D)

GIN spheroids were formed using commercially available micro-molds (3D Petri Dish®,
MicroTissues, USA). Agarose was dissolved at 2% (w/v) in 0.9% NacCl (w/v) and casted
into 3D Petri Dish® molds to form hydrogel micro-molds with 81 homogenous circular
recesses. 0.0025x10° cells per spheroid was added to the micro-molds and allowed to
settle for 30 min, before adding media (2 mL) to each well. Media was replaced every
two days. Spheroids size was assessed using a ZOE™ Fluorescent Cell Imager (Bio-
Rad Laboratories, USA), and considered the average of two diameter measurements
randomly evaluated in three different spheroids per micro-mold core. Two days after
seeding, medium was removed, micro-molds were washed with PBS, and different
concentrations of drug or NP samples (0.00045 to 4.5 uM, in regard to the drug) in
medium (190 pL per micro-molds and 2 mL per well) were added and incubated up to
48 h and 96 h, at 37 °C. For dynamic-like boost treatments, the same procedure was
followed, but 4.5 uM and 45 pM concentrations of drug or NP samples in medium were
added for 4 h or 12 h, micro-molds washed 3-times with PBS and incubated with fresh
medium up to 96 h. At each time-point, the medium was removed and the spheroids

transferred to a 15 mL plastic tube. Per tube, spheroids were incubated with Versene
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(300 pL) for 10 min and 1x TrypLE™ Select (200 uL) for 15 min, followed by vigorous
pipetting to dissociate the spheroids into single cells. Versene and TrypLE™ Select were
used to promote weakness of cell-cell adhesion bonds and foster the preservation of
surface transporters during dissociation, respectively. The cells were afterwards washed
3-times with PBS and resuspended in 200 uL media, from which 30 pyL were transferred
to 96-well plates and allowed to attach overnight. The following day, 200 uL resazurin
(20%, v/v) in media were added to each well and incubated for 4 h at 37 °C in the dark.
After, fluorescence was measured at the excitation and emission wavelengths of 530 nm
and 590 nm, respectively, using a SynergyMx™ MultiMode microplate reader (BioTek™,
USA). Experiments were performed at least in quadruplicate, and all data was
normalized in regard to the positive control (medium), which was considered 100%
metabolic activity. Graphical data for cell metabolic activity was referenced to a threshold
of 70% cell viability according to the 1ISO 10993-5 standard [36].

2.13 Assessment of blood-brain barrier permeability

The protocol to set up a BBB in vitro model was followed from elsewhere [37, 38].
0.025x10° cells/cm? hCMEC/D3 cells in media (500 pL) were seeded in the apical side
on 12-Transwell® cell culture inserts. Previously to the seeding, inserts were coated with
90 uL of 50 ug mL* rat tail collagen type | in acetic acid (0.02 M) for 1 h, at 37 °C, and
then washed twice with PBS. The basolateral side was filled with 1.5 mL medium. The
model was kept at 37 °C during 8 days, and medium changed every 2 days. The
hCMEC/D3 cell monolayer became confluent at day 8, which was the day selected to
initiate the permeability study. The integrity of the cell monolayer was checked every 2
days by monitoring the TEER using an endothelial Volt—-Ohm meter (Millicell® ER S-2;
Merck Millipore, USA). The resistance value of an empty filter was subtracted from each
measurement. The permeability experiment was performed in the apical-to-basolateral
direction. The apical compartment was filled with FITC labeled NPs in Hanks' Balanced
Salt Solution (300 pg mL?, 500 pL) [35]. Then, the assay was conducted at 37 °C using
an orbital shaker incubator (100 rpm). At 24 h, 200 pL samples were taken from the
basolateral side and the fluorescence signal measured at the excitation and emission
wavelengths of 490 nm and 520 nm, respectively, using a SynergyMx™ MultiMode

microplate reader (BioTek™, USA). Experiments were performed in triplicate.
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2.14 In vivo studies

All experiments were performed following the Belgian national regulations guidelines as
well as in accordance with EU Directive 2010/63/EU, and were approved by the ethical
committee for animal care of the Université catholique de Louvain (2019/UCL/MD/004).
Seven-week-old female NMRI nude mice (Janvier Labs, France) were given free access
to water and food.

2.15 In vivo biodistribution

To assess Cy7.5 labeled NP biodistribution, mice were intravenously injected with a NP
dose equivalent to 10 pg Cy7.5 per animal (110-130 pL injection in PBS, n = 3).
Biodistribution was visually observed using a Xenogen IVIS 50 imaging system
(PerkinElmer, Belgium) at 2 h, 6 h and 24 h after injection. At 24 h, mice were sacrificed,
and major organs (heart, lungs, liver, kidneys, spleen) excised for ex vivo analysis.
Regions of interest (ROI) were drawn over the signals and area-normalized average
radiant efficiency was quantified in [p s cm srl/uW cm]. Results are represented as

floating bar plots using minimum and maximum values with a line at the mean.

2.16 In vivo therapeutic efficacy

Mice were anesthetized by intraperitoneal injection of ketamine/xylazine (100/13 mg kg
1, respectively) and fixed in a stereotactic frame. A hole was drilled using a surgical high-
speed drill (Velleman, Belgium) and 2 uL of DMEM containing 3x10* U-87 MG cells were
injected into the right hemisphere using an infusion syringe pump (Harvard Apparatus,
USA) mounted with a Hamilton syringe (26S gauge needle) as previously described [39,
40]. The injection coordinates were 0.5 mm anterior or posterior, 2.1 mm lateral from the
bregma and 2.5-3 mm deep from the outer border of the cranium, respectively. The
presence, volume and location of the tumors were determined by magnetic resonance
imaging (MRI, 11.7T Bruker Biospec, Bruker, Germany) at day 8 post U-87 MG cell
inoculation. The tumor volume was assessed using the rapid acquisition with relaxation
enhancement (RARE) sequence (TR=2500 ms; effective echo time (TEeff)=30 ms;
RARE factor=8; FOV=2x2 cm; matrix 256x256; twenty-five contiguous slices of 0.3 mm,
NA=4). At day 10 post U-87 MG cell inoculation, treatments were initiated. For
intratumoral treatment, the same coordinates of U-87 MG cell inoculation were used, and

2 ug DTX in 7.5 pL were injected per brain (n = 8) - Group 1: untreated; Group 2: free
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DTX (solubilized in 3-times diluted Taxotere® vehicle); Group 3: non-functionalized NPs;
Group 4: H-NPs. For intravenous treatment, 2 mg kg DTX in 150 uL were injected per
animal (n = 6), every 3 days, for a total of 5 injections - Group 1: untreated; Group 2: free
DTX (solubilized in Taxotere® vehicle); Group 3: non-functionalized NPs; Group 4: H-
NPs; Group 5: H-NCL-ANG2-NPs; Group 6: H-CL-ANG2-NPs.

2.17 Histological analysis of brain sections

48 h after the previously detailed intravenous treatment, for GBM bearing mice assigned
to each treatment group (n = 3), brains were harvested for H&E stainings and
immunohistochemistry (IHC) studies. Mice were sacrificed by cervical dislocation, and
brains fixed in 10% neutral buffered formalin, embedded in paraffin blocks and frozen at
4 °C before 3-5 ym sections were cut. Sections were used for H&E staining, or IHC was
performed to detect cleaved caspase-3 and Ki67 (antibodies used at 1:200 dilution).
Visualization of stained nuclei was performed using DAB staining (Vector Labs, USA).
An Olympus optical microscope (Tokyo, Japan) was used to observe the stained slices.

2.18 In vivo toxicity

48 h after the previously detailed intravenous treatment, for GBM bearing mice assigned
to each treatment group (n = 3), animals were anesthetized by intraperitoneal injection
of ketamine/xylazine (100/13 mg kg, respectively) and blood was collected through the
retro orbital plexus region in lithium heparin tubes (Microvette® 500 LH, Sarstedt,
Germany). After a 1:5,000 dilution in PBS, blood cell counts were determined by direct
microscopic counting in a Birker cell counting chamber (Fisher Scientific, USA). Blood
samples were then centrifuged at 1,500 g for 10 min to obtain the serum. Blood urea
nitrogen, creatinine, albumin, aspartate aminotransferase, alanine aminotransferase,
total bilirubin and total protein levels were assessed by Vet Test 8008 (IDEXX, USA).
Mice were then sacrificed by cervical dislocation, and brain, heart, liver, lungs, spleen
and kidneys were excised and weighed. The organ weight coefficient was calculated by
normalizing the organ weight to the body weight of each mouse. For histopathological
examination of off-target major organs, organs were fixed in 10% neutral buffered
formalin, embedded in paraffin blocks and frozen at 4 °C before 3 ym sections were cut
and stained with H&E. An Olympus optical microscope (Tokyo, Japan) was used to

observe the stained slices.

63



CHAPTER IIl. STIMULI-RESPONSIVE MULTIFUNCTIONAL
NANOMEDICINE FOR ENHANCED GLIOBLASTOMA CHEMOTHERAPY

2.19 Statistical analysis

Results are represented as mean + standard deviation from a minimum of three
independent experiments. Statistical analysis was performed by two-way analysis of
variance (ANOVA) followed by a post hoc test (Dunnett's test) to compare experimental
groups. For in vivo data, survival curves were compared using a log-rank (Mantel-Cox)
test. Differences were considered significant at *p<0.05, **p<0.01, or ***p<0.001.
Statistical analysis was performed with the software GraphPad Prism 9 (GraphPad
Software, USA).

3. RESULTS AND DISCUSSION

3.1. Chemical synthesis of nanoparticle targeting polymeric

conjugates

PLGA-PEG polymers were functionalized with His or Angiopep-2 to trigger tumor
accumulation and BBB permeation, respectively. The MW of PEG within each targeting
polymeric conjugate was specifically chosen to provide two levels of NP surface
decoration, thus avoiding inter-steric hindrance - a lower MW 2K PEG embedded within
a PLGA-PEG(2K) polymer was used for His attachment, whereas a higher MW 5K PEG
embedded within a PLGA-PEG(5K) polymer was used for Angiopep-2 attachment. For
the Angiopep-2 functionalization, two different conjugates were synthesized, presenting

either acid-cleavable or non-cleavable properties.

3.1.1. L-Histidine functionalized targeting polymeric conjugate

Firstly, a PLGA-PEG(2K)-NH. polymer was chemically functionalized with COOH-
Histidine-BOC in the L isomeric form (COOH-His-BOC) by a carbodiimide strategy
followed by a selective carbamate hydrolysis (Figure 2A). The presence of a-BOC group
protecting the -NH> end-group of COOH-His-BOC assured a site-oriented
functionalization, avoiding amino acid cross-reaction. PLGA-PEG(2K)-His-BOC FTIR
demonstrated a similar fingerprint region to the PLGA-PEG(2K)-NH., comprising C-O
stretching, C-N stretching and C-H bending vibrations (Figure 2B) [41]. Moreover, it was
possible to observe a new band at 1661 cm™ characteristic of C=0 stretching in amides
(amide 1) in the spectrum of the PLGA-PEG(2K)-His-BOC, confirming the successful
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reaction between PLGA-PEG(2K)-NH, and COOH-His-BOC. PLGA-PEG(2K)-His-BOC
IH NMR exhibited low-intensity characteristic peaks of COOH-His-BOC that were absent
in the mock reaction control and shifted in comparison to COOH-His-BOC (6= 7.58
versus 8.98 ppm; 6= 6.98 versus 8.34 ppm; &= 6.80 versus 8.23 ppm; Figure S2). The
COOH-His-BOC H NMR peaks at 6= 7.58 ppm and &= 6.80 ppm are attributed to the
imidazole ring protons of His, whereas the peak at 6= 6.98 ppm is attributed to the
carbamate proton of the -BOC protecting group [42]. The *H NMR peak at &= 1.35 ppm,
characteristic of the -BOC methyl protons, was used to estimate the 90% COOH-His-
BOC conjugation efficiency. In order to make the polymeric conjugate fully functional, the
-BOC protecting group of PLGA-PEG(2K)-His-BOC was removed with success by a
selective carbamate hydrolysis reaction, as revealed by *H NMR (Figure S3). The
MALDI-TOF MS spectrum of PLGA-PEG(2K)-His displayed an ionization profile clearly
distinct not only from the PLGA-PEG(2K)-NHz, but also from the physical mixture of
PLGA-PEG(2K)-NH, and COOH-His-BOC (Figure 2C). Compared with PLGA-PEG(2K)-
NH_, it was observed a shift to higher m/z values, and a broader MW distribution, which
corroborated a successful coupling of COOH-His-BOC with PLGA-PEG(2K)-NH2. WCA
confirmed an intermediate hydrophilicity degree for PLGA-PEG(2K)-His, compared with
COOH-His-BOC and PLGA-PEG(2K)-NH: (Figure S4A and S4B).

3.1.2. Angiopep-2 functionalized targeting polymeric conjugates —

cleavable versus non-cleavable

Secondly, Thiol-Michael addition was selected to functionalize both PLGA-acetal-
PEG(5K)-Mal and PLGA-PEG(5K)-Mal polymers with Angiopep-2 (giving PLGA-acetal-
PEG(5K)-ANG2 and PLGA-PEG(5K)-ANG2, respectively), presenting acid-cleavable
properties due the presence of the acid-cleavable acetal chemical group and non-
cleavable properties, respectively. The Angiopep-2 was modified in advance with a N-
terminal cysteine to assure a site-oriented functionalization, endowing the peptide with a
-SH reaction site (Figure 2D). This modification is not expected to interfere with the
Angiopep-2 biological activity since it was inspired by the strategy of Angiochem Inc. to
develop an investigational chemotherapeutic drug under Phase Il clinical trials,
ANG1005, which consisted of Angiopep-2 modified with molecules of paclitaxel, namely
at the N-terminus of the peptide [43, 44]. 87% Angiopep-2 conjugation efficiency for
PLGA-PEG(5K)-ANG2, and 86% for PLGA-acetal-PEG(5K)-ANG2, were estimated by
Bradford assay in reaction supernatants. After media acidification (pH 5.5) and
consecutive washings of the polymer, PLGA-acetal-PEG(5K)-ANG2 'H NMR revealed a

65



CHAPTER Ill. STIMULI-RESPONSIVE MULTIFUNCTIONAL
NANOMEDICINE FOR ENHANCED GLIOBLASTOMA CHEMOTHERAPY

significant decrease in the intensity of the PEG-related peak, which confirmed the acid-
sensitive properties of the acetal group and consequent separation of the PEG(5K)-
ANG2 moiety from the PLGA core polymer (Figure 2E). For both PLGA-acetal-PEG(5K)-
ANG2 and PLGA-PEG(5K)-ANG2, *H NMR presented specific low-intensity Angiopep-2
characteristic peaks that were absent in the mock reaction controls (c.a. 6= 6.64, 6.66,
7.02, 7.04, 7.16 and 7.24 ppm), thus confirming the presence of the peptide in the
structure of the polymeric conjugates (Figure 2F). Such peaks are characteristic of the
aromatic ring protons from the phenylalanine and tyrosine amino acids of Angiopep-2
[45, 46].

3.2. Nanoparticle manufacture and characterization

NP formulations were manufactured by a nanoprecipitation-on-chip using a continuous-
flow microfluidic technigue [32-34]. Lab-scale conventional methods to manufacture
drug-loaded polymeric NPs lack full control over the process and are usually associated
with low- and slow-throughput, limited loading of the cargo and batch-to-batch variability
of NP critical quality attributes [47, 48]. Thus, the continuous-flow technigue herein
applied takes advantage of a microfluidic chip that enables an automated and time-
saving NP manufacturing process, while offering a reproducible in-house production of
the nanomedicines, which is expected to facilitate future translation into clinics [49]. The
TPC of each formulation was tailored to manufacture distinct NP types, whose

composition and designation are schematized in Figure 1B and summarized in Table 1.
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Rational design of nanoparticle platform
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Figure 1. (A) Schematic illustration of the proposed stimuli-responsive multifunctional
NP platform design and hypothesized biological mechanism of action. (B) Mono-ligand
or dual-ligand surface functionalized NP formulations herein manufactured, and
respective composition and designation.

All NP formulations presented, approximately, an average size range of 300 to 400 nm,
0.3 PDI, and -35 to -25 mV zeta-potential (Figure 2G). Although the NP average size is
not the standard for blood-to-brain crossing, considered to be around 50-100 nm [50], a
shift in paradigm has been observed in the field. Recently, BBB crossing has been
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reported as highly dependent on the equilibrium between NP size, stiffness, shape, and
surface chemistry [51]. 500 nm NPs have been reported to transit across the BBB as
efficiently as 100 nm NPs in terms of NP number, when undergoing receptor-mediated
endocytosis and if presenting elastic moduli in the kPa-MPa range, as described for
PLGA-PEG NPs [51-54]. Depending on their surface chemistry, larger NPs might even
deliver cargos more selectively to the targeted cells compared to their smaller
counterparts [55]. Taken together, the average NP size range of 300 to 400 nm herein
achieved was not considered an exclusion criterion per se, since the particles are
expected to undergo LDLR-mediated endocytosis across the BBB via their Angiopep-2
moiety. The achieved size range, alongside with a PDI of around 0.3, are attributed to
the high polymer concentration and consequent high viscosity of the organic phase used
to manufacture the NPs [56]. This resulted from the attempt to provide a better
entrapment phase to DTX and increase the loading degree, which usually does not
exceed 1% for NPs with a PLGA-PEG matrix [57-59].

Table 1 — Polymeric conjugate percentage of TPC for each NP formulation, and
respective designation. PEGylated NP controls were also manufactured using
MPEG(2K)-PLGA or mPEG(5K)-PLGA, and termed mPEG(2K) NPs and mPEG(5K)
NPs, respectively. NA: non-applicable.

NP designation and polymeric conjugate composition
(organic phase)

CL-ANG2-  NCL-ANG2- H-CL-ANG2- H-NCL-ANG2-

NP NP NP NP
5%/
PLGA-PEG(2K)-His 10%/ NA NA 5% 5%
20%
PLGA-acetal-PEG(5K)-ANG2
] NA 8.5% NA 8.5% NA
(acid-cleavable)
PLGA-PEG(5K)-ANG2
NA NA 8.5% NA 8.5%

(non-cleavable)
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Figure 2. Polymeric conjugate chemical synthesis and NP assembly. PLGA-PEG(2K)-
His (A) chemical synthesis, (B) FTIR characterization, and (C) MALDI-TOF MS

69



CHAPTER Ill. STIMULI-RESPONSIVE MULTIFUNCTIONAL
NANOMEDICINE FOR ENHANCED GLIOBLASTOMA CHEMOTHERAPY

characterization. (D) Scheme of the chemical synthesis of the Angiopep-2 functionalized
targeting polymeric conjugates. (E) *H NMR analysis of the acid-cleavable properties of
the PLGA-acetal-PEG(5K)-Mal polymer used to further produce the PLGA-acetal-
PEG(5K)-ANG2 targeting polymeric conjugate. (F) *H NMR characterization of PLGA-
acetal-PEG(5K)-ANG2 and PLGA-PEG(5K)-ANG2. (G) Characterization of average
size, PDI and zeta-potential of the DTX-loaded NP formulations assembled from the
chemically synthesized targeting polymeric conjugates. (H) TEM characterization of the
DTX-loaded NP formulations assembled from the chemically synthesized targeting
polymeric conjugates, where 1, 11, lll, IV, V and VI correspond to non-functionalized NPs,
H-NPs, CL-ANG2-NPs, NCL-ANG2-NPs, H-CL-ANG2-NPs, and H-NCL-ANG2-NPs,

respectively.

Supporting Information presents detailed AE and LD values for all formulations (Table
S2 and Table S3), as well as average size, PDI and zeta-potential complementary data
(Figure S5). TEM analysis revealed spherical shaped particles with relatively smooth
surfaces, and a size distribution identical for all NP formulations (Figure 2H). The in vitro
release profile of DTX was evaluated for 24 h under medium mimicking systemic
physiological conditions. As depicted in Figure S6, NP formulations could retain part of
DTX within their hydrophobic PLGA-based core, as about 60-80% of the drug was

released in a sustained manner over the testing time window.

3.3. In vitro targetability in glioblastoma conventional cell lines
and invasive margin patient cells — L-Histidine functionalized

nanoparticles

A preliminary screening of the capacity of H-NPs to ameliorate the accumulation of the
NPs into GBM cells was performed in GBM conventional cell lines, namely U-87 MG, U-
251 MG and U-373 MG. NPs were manufactured with different percentages of PLGA-
PEG(2K)-His to understand the impact of the polymeric conjugate on cell-NP interaction.
A protocol involving the use of trypsin for cell detachment prior to flow cytometry analysis
was developed on purpose to remove the majority of membrane-bound NPs and enrich
the signal in cell-internalized NPs [60]. Moreover, a preliminary cytotoxicity experiment
was performed to find a non-cytotoxic NP dose (Figure S7). As shown in Figure 3A,
after 4 h treatment, H-NPs presented a significantly higher cell internalization compared
to non-functionalized NPs, for all GBM cell lines. This was reflected by an increase of up

to 3-times in both MFI and percentage of positive cells (Figure 3A and S8, respectively).
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We hypothesize that the increase in cell internalization is due to the capacity of the His
moiety of NPs to recognize and bind LAT1, vastly reported to be overexpressed in human
brain gliomas such as GBM, and directly associated with their excessive proliferation
and malignant progression [14-16]. Previous RT-PCR studies reported that the LAT1
MRNA expression in the above-mentioned cell lines follows the order U-373 MG > U-
251 MG > U-87 MG, which is in agreement with the trend of percentage of positive cells
herein observed for H-NP cell internalization (U-373 MG > U-251 MG > U-87 MG, Figure
S8) [61]. The L-isomeric form of His is extensively reported as one of the LAT1 substrates
with highest affinity and stereoselectivity, presenting a kinetics Kn parameter of only 12.7
UM, which is significantly lower compared to the K, of other L-amino acid counterparts
(e.g. 28.3, 47.2 and 14.2 uM for L-Tyrosine, L-Valine and L-Phenylalanine, respectively)
[62, 63]. Nevertheless, His or His-mimicking imidazole derivatives have been mostly
exploited for their endosomal escape properties and pH-triggered conformational
changes [64-67], and not for the purpose of drug/NP accumulation into tumor cells such
as of GBM. To our best knowledge, only one literature study associated the higher NP
internalization of dendrimers modified with His with the general overexpression of amino
acid transporters in HelLa cervical cancer cells, necessary for the rapid proliferation and
increased antioxidant demands of these cells [68]. Other authors exploited LAT1-specific
cancer cell delivery through the use of substrates with lower affinity for the transporter,
such as glutamate [69, 70] and L-tyrosine [71]. LAT1-specific delivery has also been
widely explored in the field of positron emission tomography (PET) imaging for the
detection of tumor tissues. PET probes modified with L-phenylalanine [72], L-methionine
[73] and L-tyrosine [74] demonstrated precise tumor-specificity via binding of the amino
acid constituents to LAT1.
However, the GBM tumor niche is characterized by a high level of heterogeneity and
most of the conventional GBM cell lines are thought to have undergone genetic drift over
the years, thus partially losing the invasive behavior characteristic of GBM [75].
Moreover, these cell lines are derived from the core of the tumor, which does not
realistically reflect the infiltrative behavior of post-surgical residual GBM cells [76, 77].
Taken together, our efforts focused on using a complementary cell model for drug/NP
testing, which could represent better the highly invasive and tumorigenic potential of
GBM, such as GIN patient cells (Figure S9) [29, 30]. GIN cells are isolated from the
invasive margin of GBM tumor tissue of adult patients and evidenced by the 5ALA-
Gliolan™ fluorescent region at surgery beyond the MRI T1 enhancing region [30]. This
invasive margin constitutes therapeutic resistant pressures, and is a molecular snapshot
of recurrent tumor cells [29, 30]. Three cell types were selected from the available GIN
panel, namely GIN-8, GIN-27 and GIN-31. Similarly to what was observed for the GBM
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conventional cell lines, as shown in Figure 3B, after 4h treatment, H-NPs presented a
significantly higher cell uptake compared to non-functionalized NPs, for all GIN cell types.
This was reflected by an increase of up to 3- and 12-fold in MFI and percentage of
positive cells, respectively (Figure 3B and S10). Besides numerous studies on LAT1
overexpression in U-87 MG, U-251 MG and U-373 MG cells, also the GBM invasive
margins have been widely described as areas of LAT1 overexpression [78, 79]. In fact,
the specific expression of LAT1 in human clinical samples was reported to be even
higher in infiltrating glioma cells of the GBM invasive margin compared to glioma cells
located at the tumor core [78]. This explains the higher levels of cell internalization herein
observed for H-NPs in GIN cells versus GBM conventional cell lines (U-87 MG, U-251
MG, U-373 MG), highlighted by the increase of up to 3- versus 12-times in the percentage
of positive cells, respectively, compared to the non-functionalized NP control (Figures
S8 and S10). H-NPs composed by 20% PLGA-PEG(2K)-His were pre-selected for
further studies based on the highest levels of cell uptake found in previous flow cytometry
studies. H-NP cell uptake was then confirmed by confocal microscopy, where H-NPs
presented a considerably higher cell co-localization and internalization compared to the
non-functionalized NP control in all GIN cell types (Figure 3C).

Lastly, as a proof of concept of cancer cell specificity, the cell internalization of H-NPs
was assessed by flow cytometry in a non-tumor astrocyte control cell line. No biologically
relevant differences were found between the cell internalization of H-NPs and non-
functionalized NPs, as showed by the MFI values (Figure 3B). In what concerns the
percentage of positive cells, H-NPs composed by 20% PLGA-PEG(2K)-His presented
an increase of less than 2-times compared to the non-functionalized control, but only to
a maximum of around 15% positive cells, which was attributed to non-specific binding
(Figure S10).
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Figure 3. Flow cytometry analysis of cell internalization of non-functionalized NPs and

H-NPs assembled from 5%, 10% or 20% PLGA-PEG(2K)-His into (A) GBM conventional

cell lines (U-87 MG, U-251 MG, U-373 MG), and (B) GIN patient cells (GIN-8, GIN-27

GIN-31) and non-tumor astrocytes. MFI values were normalized to the unstained control
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Statistical comparison of H-NP groups with non-functionalized NPs. *p<0.05, **p<0.01,
or ***p<0.001. (C) Confocal microscopy analysis of cell internalization of non-
functionalized NPs and H-NPs assembled from 20% PLGA-PEG(2K)-His into GIN
patient cells. Cell actin was stained to evidence co-localization with PLGA-FKR648

labeled NPs. Scale bars represent 62 pum.

3.4. 2D and 3D in vitro cytotoxicity in glioblastoma invasive

margin patient cells — L-Histidine functionalized nanoparticles

The in vitro pharmacological activity of the developed NP formulations was assessed in
regard to their capacity to compromise the metabolic activity of GIN cells. Due to the
highly invasive profile and key role in tumor recurrence [80], GIN cells are expected to
mimic better the treatment resistance faced by therapeutics in vivo.

GIN-8, GIN-27 and GIN-31 metabolic activity was evaluated after uninterrupted periods
of treatment of 48 h and 96 h with DTX doses ranging from 0.45 nM to 4.5 uM. For all
GIN cell types, the metabolic activity decreased in a dose-dependent manner, and lower
levels were reached at 96 h (day 6) compared to 48 h (day 4). DTX-loaded H-NPs caused
a similar impact on metabolic activity compared to DTX-loaded non-functionalized NPs
and DTX-loaded mPEG(2K) NPs (Figure 4B, left panel). Moreover, DTX-loaded H-NPs
demonstrated a similar or slightly lower decrease on cell metabolic activity compared to
the non-nanoparticulate drug control, free DTX. This was expected since the assay
conditions are static, thus, free drug molecules are readily available to interact with 2D
cell monolayers in order to exert an anti-proliferative effect. Whereas, for the
nanoparticulate samples, including DTX-loaded H-NPs, drug molecules become only
available upon DTX diffusion across the porous PLGA matrix and, in a later stage, PLGA
matrix erosion [8].

After confirming the ability of DTX-loaded H-NPs to significantly decrease GIN cell
metabolic activity, we hypothesized that 4 h dynamic-like boost treatments could give us
more information about the adjuvant effect of the targeting strategy [81]. For the lowest
concentration, 4.5 uM DTX, none of the formulations was able to decrease the metabolic
activity to values lower than 70% for all GIN cell types, including free DTX (Figure 4B,
right panel). Thus, a higher concentration was tested, 45 pM DTX, for which a
significantly lower metabolic activity was observed for all GIN cell types treated with DTX-
loaded H-NPs, in opposition to free DTX and the other NP controls, namely non-
functionalized and PEGylated but non-targeted mPEG(2K) NPs (Figure 4B, right

panel). This was attributed to the enhanced capacity of H-NPs of being internalized by
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GIN cells during a contact period of only 4 h, as demonstrated by previous flow cytometry
studies, compared to non-functionalized NPs. Therefore, this led to a closer drug-cell
interaction and, consequently, a more pronounced effect on the decrease of cell
metabolic activity. The 45 uM DTX boost treatment also implies a boost in the total
number of NPs per area, which is hypothesized to benefit NP tumor cell uptake [82]
compared to free DTX molecules, which did not present any biologically relevant
advantage with respect to cell metabolic activity interference compared to the
nanoparticulate samples.
On the other hand, drug diffusivity and therapeutic effect within 3D cell cultures is more
predictive of the potential in vivo response than simple 2D cultures. 2D cell cultures are
considerably more sensitive to anti-cancer medicines compared to 3D counterparts,
which behave similarly to human tumors presenting solid and bulky features, such as
GBM [75, 83]. Hence, we re-evaluated the previous 2D metabolic activity studies by
selecting one of the GIN cell types, namely GIN-31, to assemble a 3D culture. GIN-31
tumor spheroids were generated by high-throughput microwell array technology using
non-adhesive agarose hydrogels that promote cell aggregation into 3D spheroid
structures with excellent size and shape reproducibility (Figure 4C) [84]. After 48 h and
96 uninterrupted periods of treatment, GIN-31 spheroids followed the same trend
observed for GIN-31 2D cultures, with the metabolic activity decreasing in a dose-
dependent manner and lower levels reached at 96 h (day 6, Figure 4D, left panel). In
general, the 3D metabolic activity values were higher compared to the 2D cell monolayer
setting, which is potentially associated with the higher therapeutic resistance extensively
reported for 3D cultures [83, 85]. Similarly to 2D cultures, these uninterrupted periods of
treatment did not evidence any biologically relevant differences between free DTX and
the NP samples, although all of them resulted in a decrease of metabolic activity up to
levels of approximately 35%. Next, we proceeded with the 4 h dynamic-like boost
treatment and, herein, in opposition to 2D cultures, not even DTX-loaded H-NPs were
able to lower cell metabolic activity (Figure 4D, right panel). This 2D versus 3D
discrepancy is attributed to the insufficient drug penetration into the core of the GIN-31
spheroids over time due to their high interstitial pressure, reduced convective flow and
the presence of dense regions of extracellular matrix [86, 87]. Thus, we challenged the
spheroids with a broader time window of drug exposure, namely 12 h. In this case, it was
possible to recover the significantly higher impact of DTX-loaded H-NPs on the decrease
of cell metabolic activity of up to 2-times, as observed for 2D cultures, and became again
clear the inability of free DTX or the other NP samples to provide the same effect (Figure
4D, right panel). H-NPs improved DTX transport across the spheroid structures most

likely by promoting cell internalization via LAT1 binding, and an increased time exposure
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allowed DTX to reach deep regions of the spheroid tissue and recover the anti-
proliferative effect on GIN-31 cells.
Additional data of the impact of the unloaded formulations on 2D and 3D cell metabolic

activity can be found in Figure S11 and S12, respectively.
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20% PLGA-PEG(2K)-His. (A) Treatment schedule. (B) 2D metabolic activity of GIN
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patient cells (GIN-8, GIN-27, GIN-31). The left panel presents metabolic activity levels
after uninterrupted periods of treatment of 48 h and 96 h. The right panel presents a
dynamic-like boost treatment of 4 h, integrated in an assessment period of incubation of
96 h. (C) Assembly of GIN-31 tumor spheroids into high-throughput 81-well agarose
micro-molds — (1) molds (2) are filled with agarose, and (3) hydrogel micro-molds
obtained. The size of spheroids at the day of metabolic activity experiments averaged
350 um. (D) 3D metabolic activity of GIN-31 tumor spheroids. The left panel presents 2D
versus 3D metabolic activity after uninterrupted periods of treatment of 48 h and 96 h.
The right panel presents a 2D versus 3D dynamic-like boost treatment of 4 h or 12 h,
integrated in an assessment period of incubation of 96 h. Statistical comparison of DTX-
loaded H-NPs with the other drug-loaded groups, within each dose range. *p<0.05,
**p<0.01, or ***p<0.001.

3.5. In vivo therapeutic efficacy after intratumoral administration

- L-Histidine functionalized nanoparticles

The in vivo anti-tumor local effect of DTX-loaded H-NPs was validated in a GBM
orthotopic mice model following an intratumoral treatment of 2 ug DTX per brain (Figure
5). After MRI assessment of tumor volume (Figure 5B) and group randomization at day
8, the formulations were administered intratumorally at day 10, and survival curves
determined. Body weight was kept constant throughout 15 days post-administration, for
all groups (Figure 5C). As presented in Figure 5D and Table 2, the median survival time
was considerably improved by DTX-loaded H-NPs (46.5 days) compared to the
untreated (30 days, **p<0.01), DTX-loaded non-functionalized NPs (33.5 days,
**p<0.01), and free DTX (38 days) groups. Moreover, the DTX-loaded H-NP treatment
resulted in a higher number of long-term survivors at 60 days (37.5% versus 0% for non-
functionalized NPs) and 120 days (12.5% versus 0% for both non-functionalized NPs
and free DTX). Thus, the DTX-loaded H-NP treatment significantly outperformed the
DTX-loaded non-functionalized NP counterpart, which is consistent with in vitro studies.
This was attributed to the ability of the His moiety to enhance GBM cell uptake, hence
resulting in higher DTX accumulation at the tumor site and, consequently, a more potent
therapeutic effect. It is of important note that overestimation of the therapeutic effect of
free DTX is envisaged since the Taxotere® vehicle used for DTX solubilization contains
ethanol, which is used per se in the treatment of certain types of cancer via percutaneous
injection (e.g., liver cancer, liver metastasis) [88]. Overall, these findings offered robust

evidence that, once inside the brain parenchyma, H-NPs are able to boost the
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chemotherapeutic effect of DTX and provide an in vivo therapeutic benefit.
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Figure 5. In vivo therapeutic efficacy of H-NPs after intratumoral administration. NMRI
nude mice were orthotopically grafted with U-87 MG GBM cells at day 0, randomized
upon MRI tumor evaluation at day 8, and treated with a dose of 2 ug DTX per brain at
day 10. (A) Treatment schedule. (B) Representative mouse brain MRI of the U-87 MG
GBM orthotopic model. (C) Body weight follow-up until day 25. (D) Mice survival curves
until day 120.

3.6. In vitro permeability across the blood-brain barrier - L-
Histidine plus acid-cleavable Angiopep-2 functionalized

nanoparticles

A preliminary screening of BBB permeability was conducted in a standard hCMEC/D3 in
vitro model to understand the ability of Angiopep-2 to ameliorate the accumulation of the
NPs into the brain, the additional effect of His, as well as possible differences between
acid-cleavable versus non-cleavable Angiopep-2 moieties. The optimal Angiopep-2
density for BBB permeability reported in literature data in regard to the TPC of the
formulation is highly variable, ranging from around 3% to 20% [89-92]. Thus, we set it up

as 8.5% with the ultimate goal of assessing whether this percentage would be already
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sufficient to potentiate BBB permeability, before testing other percentages.

As displayed in Figure 6A, and surprisingly, the permeability of NCL-ANG2-NPs
presented minimum advantage over non-functionalized NPs and PEGylated but non-
targeted mPEG(5K) NPs. This can relate to the findings of Tian and colleagues, who
demonstrated that Angiopep-2 density on NP surface should be carefully designed in
order to avoid ligand-LDLR high avidity and consequent BBB endothelial cell
internalization leading to fast degradation but, instead, favor mid avidity to increase the
formation of syndapin-2 tubular structures leading to fast shuttling across the BBB [17].
Moreover, H-NPs presented a slightly 1.6-times higher BBB permeability compared to
NCL-ANG2-NPs (Figure 6A), which can be explained by the fact that the His transporter,
LAT1, is highly expressed in the BBB endothelium, apart from tumor tissues [93]. Yet,
LAT1 is not the ideal target for brain delivery since the transporter easily achieves
saturation by plasma amino acids [94], while LDLR is widely known for its rapidly
recycling vesicles and one of the highest BBB trafficking capacity [95]. Interestingly, CL-
ANG2-NPs provided a slightly higher BBB permeability compared to H-NPs but, more
important, significantly outperformed NCL-ANG2-NPs (Figure 6A). A strong basis for
this finding is the study of Clark et al., who played around ligand-receptor avidity and
receptor-mediated BBB trafficking, by designing a tailored BBB endosomal pH acid-
sensitive nanosystem [28]. The authors demonstrated that an acid-cleavable transferrin
moiety provided considerably higher brain parenchyma levels of NPs upon systemic
administration in mice, while the non-cleavable control remained mostly retained in the
BBB endothelium. High-avidity is thus of uppermost importance to promote receptor
binding on the luminal side of the BBB, but should be shifted to mild to low avidity during
BBB trafficking to allow proper detachment from the receptor and complete the full
transport from blood to brain [[28, 96].

The ability of the dual-ligand functionalized NPs to improve BBB permeation was then
compared to the simpler system, H-NPs. H-CL-ANG2-NPs increased the permeability
levels by approximately 2-times (Figure 6A). This could result from a cumulative effect
of His and the acid-cleavable Angiopep-2 moiety, and suggested that steric hindrance is
not interfering with the activity of the nanosystems presenting dual-ligand
functionalization. Steric hindrance was possibly avoided by the careful design of two
different PEG length levels on the NP surface, namely of 2K (His attachment) and 5K
(Angiopep-2 attachment). On the other hand, H-NCL-ANG2 NPs did not present
biological advantage over H-NPs regarding BBB permeability (Figure 6A). BBB in vitro
model transendothelial electrical resistance (TEER) was monitored over maintenance
and throughout the permeability experiment (Figure S13).

NP formulations were also assessed for their BBB endothelial cell uptake in hCMEC/D3
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cells, where acid-cleavable CL-ANG2-NPs and H-CL-ANG2-NPs demonstrated the
lowest cell internalization among the other NP samples in both mono-ligand and dual-
ligand functionalized groups, respectively (MFI values and percentage of positive cells
depicted in Figure 6B and S14, respectively). This is accordance with literature data and
highlighted, once more, that a higher BBB retention does not necessarily correlate with

a higher BBB permeability, and contrary trends can be actually found [28, 51, 96].
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Figure 6. (A) Evaluation of NP permeability across a BBB in vitro model, indicating the
percentage of NP basolateral permeability across a hCMEC/D3 endothelial cell
monolayer, normalized to the initial mass of NPs in the apical compartment. (B) Flow
cytometry analysis of cell internalization levels of NP formulations into BBB hCMEC/D3
endothelial cells. Statistical comparison of each group with non-functionalized NPs.
*p<0.05, **p<0.01, or **p<0.001.

3.7.In vivo biodistribution, therapeutic efficacy and toxicity after
intravenous administration - L-Histidine plus acid-cleavable

Angiopep-2 functionalized nanoparticles

An in vivo biodistribution screening trial was performed in a healthy mice model, since
there is strong and recent evidence that GBM possesses a gross region beyond the
contrast-enhancing tumor bulk with an intact BBB, especially at the invasive margins [97,
98]. Thus, it is generally admitted that pharmacological approaches that succeed in
transposing the healthy BBB have better chances of improving the treatment response
in further GBM disease models [7, 99]. In order to reduce the number of animals in light
of the 3Rs policy, and considering the previous in vitro findings, it was possible to

eliminate the non-functionalized NP control from this biodistribution trial — non-
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functionalized NPs were unable to provide an improved GBM cell internalization (Figure
3) and cytotoxicity (Figure 4B and 4D) compared to H-NPs; moreover, non-
functionalized NPs were unable to potentiate BBB crossing compared to H-NCL-ANG2-
NPs and H-CL-ANG2-NPs (Figure 6A). IVIS imaging to track Cy7.5 labeled NPs was
performed at 2 h, 6 h and 24 h post-administration. Brain accumulation of the developed
formulations followed the trend H-CL-ANG2-NPs > H-NCL-ANG2-NPs > H-NPs, with H-
CL-ANG2-NPs outperforming the other formulation counterparts (Figure 7A). Actually,
differences in the maximum average radiant efficiency observed for H-CL-ANG2-NPs
achieved approximately 4- and 3-times higher values than H-NPs and H-NCL-ANG2-
NPs, respectively. The trend of brain accumulation was similar to the predictions of in
vitro studies, highlighting the ability of dual-ligand functionalization and acid-
responsiveness to enhance NP permeability across the BBB. All formulations presented
a reduced brain signal from 2 h to 24 h, which was expected and can be justified by the
physiological clearance of NPs over time. Regarding whole-body biodistribution, NPs
were tracked for their accumulation in major organs by excision at 24 h (Figure S15). No
relevant accumulation was found in the heart, liver and spleen accumulation were
expected due to the role of these organs in the reticulo-endothelial system [100], and a
certain degree of accumulation was found in kidneys due to renal excretion [101].
Nevertheless, the liver accumulation of free DTX and non-targeted PLGA-based NPs is
reported to be 70- and 12.5 times-higher compared with the brain [102, 103],
respectively, which is significantly higher than the values obtained for H-NCL-ANG2-NPs
(3 times-higher). Interestingly, all NP formulations presented a certain level of
accumulation in the lungs, but this was clearly more prominent for the formulations
presenting an Angiopep-2 moiety. Since LDLR also plays a vital role in the pulmonary
tissue, including regulation of antigen uptake, immune responses and fibrogenesis, the
expression of the receptor might induce local sequestration of the NPs [104].

Lastly, the in vivo anti-tumor effect of H-CL-ANG2-NPs following intravenous treatment
was assessed in a GBM orthotopic mice model. Five independent injections starting at
day 10 were administered every 3 days at a 2 mg kg DTX dose, and survival curves
determined. Body weight was kept stable throughout the treatment course and up to 8
days after the last injection, for all treatment groups (Figure 7C). As presented in Figure
7D and Table 2, the median survival time of the DTX-loaded H-CL-ANG2-NP treatment
was 54 days, which presented a significant improvement compared to the untreated (37
days, *p<0.05), free DTX (43 days), DTX-loaded non-functionalized NP (38 days), DTX-
loaded H-NP (40.5 days) and DTX-loaded H-NCL-ANG2-NP (41 days) groups.
Moreover, an increase of more than 50% in the number of survivors at 60 days was
observed for DTX-loaded H-CL-ANG2-NPs compared to free DTX, DTX-loaded H-NPs
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and DTX-loaded H-NCL-ANG2-NPs, whereas there were no 60 day-survivors among the
untreated and DTX-loaded non-functionalized NP groups. DTX-loaded H-CL-ANG2-NPs
outperformed the other NP counterparts, which is in accordance with the higher brain
accumulation observed in previous biodistribution studies (Figure 7A) due to the
enhanced BBB permeability provided by the acid-cleavable Angiopep-2 moiety of the
NPs. Furthermore, once inside the brain parenchyma, adjuvant effect of His is crucial to
cause higher DTX accumulation into GBM cells as demonstrated by previous
intratumoral therapeutic efficacy in vivo studies (Figure 5D and Table 2). Taken
together, more efficient blood-to-brain trafficking and GBM accumulation provided by the
acid-cleavable Angiopep-2 and His surface moieties, respectively, endowed H-CL-
ANG2-NPs with a potent anti-cancer effect. It is of important note that the DTX dose of
each injection, namely 2 mg kg?, was lower compared to the standard 7.5-10 mg kg*
dose found in literature [27, 105, 106], but still able to provide a prominent anti-GBM
effect. Although our H-CL-ANG2-NP prototype is the first proposed system for both BBB
and GBM targeting through exploitation of a BBB-responsive transport mechanism, we
revised literature reports of the past 10 years of multi-ligand functionalized NPs
presenting the same dual-targeting (but lacking BBB responsiveness). By pre-selecting
these reports based on the use of the same GBM animal model herein assessed, U-87
MG, the maximum values of median survival were 45 days [18], 25 days [19], 35 days
[20-23] and 40 days [24-26], significantly lower than the median survival obtained for our
H-CL-ANG2-NP prototype (54 days). The BBB and GBM dual-targeted system (lacking
BBB responsiveness) developed by Zhu et al. reached 53 days median survival, but
using a DTX dose 4-times higher than the one herein proposed (2 versus 7.5 mg kg?)
[27]. Specific examples of these literature reported systems include 10 mg kg? DTX-
loaded HRK-19 functionalized poly(lactic acid)-PEG-hyaluronic acid NPs (both
hyaluronic acid and HRK-19 for glioma targeting; 40 days median survival; number of
long-term survivors not available; C6 GBM bearing rats) [105], 10 mg kg DTX-loaded
Angiopep-2 functionalized solid lipid NPs (39 days median survival; no long-term
survivors at 60 days; GL261 GBM bearing mice) [107], 7.5 mg kg! DTX-loaded
Angiopep-2 and TAT peptide functionalized micelles (TAT for glioma targeting; 53 days
median survival; no long-term survivors at 60 days; U87-MG bearing mice) [27], 6 mg
kg! DTX-loaded TGN peptide and AS1411 aptamer functionalized PEG-
polycaprolactone NPs (TGN and AS1411 for BBB and glioma targeting, respectively; 25
days median survival; no long-term survivors at 60 days; C6 GBM bearing mice) [108],
and 5 mg kg! DTX-loaded RGV29 peptide functionalized PLGA-PEG NPs (RGV29 for
both BBB and glioma targeting; 42 days median survival; no long-term survivors at 60

days; C6 GBM bearing rats) [109]. This literature review highlights the therapeutic
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advantage of the H-CL-ANG2-NPs developed under the scope of this work, and the
promising potential of this nanotherapy to increase the survival number of GBM patients
in the future. Overall, our findings presented strong evidence that both the acid-cleavable
properties of the Angiopep-2 moiety and the presence of the His moiety in the stimuli-
responsive multifunctional NPs herein proposed are paramount to achieve higher BBB
permeation and accumulation at the brain parenchyma GBM cells, respectively, resulting
in a better therapeutic effect.
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Figure 7. (A) In vivo biodistribution of H-CL-ANG2-NPs following intravenous treatment,

evidencing brain co-localization of NP formulations at 2 h, 6 h and 24 h post-

administration. (B-D) In vivo therapeutic efficacy of H-CL-ANG2-NPs following
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intravenous treatment. NMRI nude mice were orthotopically grafted with U-87 MG GBM

cells at day 0, randomized upon MRI tumor evaluation at day 8, and treated with a 2 mg

kg! DTX dose from day 10, every 3 days, for a total of 5 injections. (B) Treatment
schedule. (C) Body weight follow-up until day 30. (D) Mice survival curves until day 60.

Histological analysis of brain sections of treated mice (approximately 80 slides per
mouse brain) was also performed (48 h after treatment), namely H&E stainings, and Ki67
and cleaved caspase-3 IHC studies. H&E stainings processed in approximately 20 brain
slides presented significant areas of damage, which can be attributed not only to the
presence of the tumor, but also to the aggressiveness of the herein used GBM rodent
model (tumor inoculation and development processes). For the slide of most significant
H&E damage per animal, 2 slides before and 2 slides after (total of 4 slides), were
selected for Ki67 and cleaved caspase-3 IHC. However, these brain sections within
these slides did not correlate with high intensity signals of Ki67, which is strongly
associated with tumor cell proliferation and growth [110]. In line with this, these brain
sections did not correlate with high intensity signals of cleaved caspase-3, which is
strongly associated with the response to treatment, since DTX triggers apoptosis
pathways via cleavage of caspase-3 [110, 111]. Moreover, and of important note, in all
brain sections, the presence of the tumor could not be detected macroscopically. Taking
this into consideration, it was challenging to select the most appropriate slides to proceed
with IHC investigations. It is hypothesized that the time point chosen for mice scarification
(48 h post-treatment) was too early, hence making difficult the identification of the tumor
bulk, which might still present a dispersive and infiltrative cell behavior. Thus, further in
vivo studies are required to repeat the experiment and sacrifice the animals at a later
stage of tumor development. Finally, possible systemic toxicity effects resulting from the
intravenous administration of non-nanoparticulate free DTX and NP formulations were
assessed, 48 h after treatment. Anti-cancer therapies often cause severe systemic side
effects which directly affect the histological morphology of off-target major organs, organ
weight coefficient (organ to body weight normalization), total blood cell count and blood
biochemical parameters. In what concerns histopathological analysis of off-target major
organs (heart, liver, lungs, spleen, kidneys), no morphological signs of damage were
found for the free DTX and DTX-loaded NP formulations (Figure 8A), probably due to
the low dose of DTX used per administration, namely 2 mg kg. Similarly, as shown in
Figure S16, no significant alterations were found for the brain, heart, liver, lungs, spleen
and kidneys weight coefficients compared with the untreated group. Moreover, none of
the drug treatments induced significant differences in the total blood cell count of mice

(Figure 8B). Lastly, blood biochemistry parameters, including blood urea nitrogen,
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creatinine, albumin, aspartate aminotransferase, alanine aminotransferase, total bilirubin
and total protein levels, were assessed to investigate kidney and liver function, as well
as possible signs of infection or inflammation. Compared with the untreated animals,
mice treated with free DTX or DTX-loaded NPs did not present significant alterations in
any of these blood parameters. Altogether, apart from being relatively safe from
negligible loss of weight over the treatment course, the stimuli-responsive multifunctional
NP therapy herein proposed presented lack of toxicity regarding alterations in
histological, hematologic and blood biochemical indicators, as well as organ weight

indices.

Table 2 — Resume of median survival, and percentage of survivors at 60 and 120 days
(long-term survivors) for the in vivo therapeutic efficacy studies (intratumoral and
intravenous treatment). Intratumoral treatment: statistical comparison of DTX-loaded H-
NPs with untreated and DTX-loaded non-functionalized NPs groups (**p<0.01).
Intravenous treatment: statistical comparison of DTX-loaded H-CL-ANG2-NPs with the
untreated group (*p<0.05). NA: non-applicable.

Median Percentage of Percentage of
Treatment type  Treatment group survival survivors at survivors at
(days) 60 days (%) 120 days (%)
Untreated 30 0 0
Free DTX 38 375 0
Intratumoral DTX-loaded non-functionalized
335 0 0
NPs
DTX-loaded H-NPs 46.5" 375 12.5
Untreated 37 0 NA
Free DTX 43 20 NA
DTX-loaded non-functionalized
38 0 NA
NPs
Intravenous
DTX-loaded H-NPs 40.5 20 NA
DTX-loaded H-NCL-ANG2-NPs 41 20 NA
DTX-loaded H-CL-ANG2-NPs 54" 50 NA
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Figure 8. In vivo safety evaluation after intravenous treatment with the developed DTX-
loaded NP formulations and free DTX. (A) Histopathological analysis of off-target major
organs of treated animals by H&E stainings. Scale bars represent 100 um. (B) Evaluation
of total cell counts and blood biochemistry parameters of treated animals. NMRI nude
mice were orthotopically grafted with U-87 MG GBM cells at day O, randomized upon
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MRI tumor evaluation at day 8, and treated with a 2 mg kg* DTX dose from day 10.

4. CONCLUSION

In this study, stimuli-responsive multifunctional NPs for the delivery of DTX to GBM were
developed envisaging BBB targeting and transport to brain, structural rearrangement
within the acidic pH of BBB endosomal vesicles (acid-cleavable Angiopep-2 grafting),
and enhancement of GBM cell accumulation post-BBB trafficking (His grafting). These
multifunctional NPs increased tumor cell uptake, through the use of the His moiety, by
up to 4-times in GBM conventional cell lines. Due to the relevance of tumor invasive
margins in the recurrence and therapeutic resistance of GBM, GIN cells isolated from
patient samples were further used. Herein, multifunctional NPs provided up to 12-times
higher GBM cell internalization, and up to 3-times higher cytotoxicity in 2D and 3D cell
models. After an in vivo intratumoral treatment, NPs presenting the His moiety
significantly improved the median survival of mice bearing orthotopically implanted U-87
MG tumors compared to non-functionalized NPs and free DTX. By adding an acid-
cleavable Angiopep-2 moiety, with adjuvant effect of the His moiety, the multifunctional
NPs presented an increased blood-to-brain transport, by more than 3-fold, in a BBB in
vitro model. In vivo studies in a mice model revealed a clearly higher brain accumulation
for this multifunctional NPs, compared to the other NP controls. Lastly, following
intravenous treatment at a low DTX dose, the multifunctional NPs increased the median
survival of mice by around 20 days and long-term survivors by more than 50%. Moreover,
no significant systemic toxicity-related alterations were observed in off-target organs
histopathology and weight indices, as well as in blood total cell counts and biochemical
indicators. Taken together, the hypothesis proven by our study revealed the key role of
both acid-sensitive bioresponsive properties, and BBB and GBM dual-ligand targeting,
to achieve an effective multistage anti-GBM therapy. It is of important note to highlight
the versatility of the stimuli-responsive multifunctional NPs herein proposed — if in one
hand they were proved effective for GBM treatment, they might be also useful in future
treatments for brain metastasis and lower grade gliomas; on the other hand, the PLGA
core of the NP system has been proved extremely versatile to allow co-encapsulation of
therapeutic molecules, which might be useful to include alternative chemotherapies or
even immunotherapeutics. In light of this, an exploratory model study on co-
encapsulation and co-delivery of protein drugs by the use of continuously manufactured
PLGA-based NPs was conducted (Appendix II).
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5. Supporting information

Figure S1. Representative images of high expression of LAT1 in glioma clinical samples
(SLC7A5 immunohistochemistry, HPA052673). (I) Normal cerebral cortex sample
presenting negative glial staining (Patient ID #4626). (Il) Low-grade glioma sample
presenting moderate intensity staining (Patient ID #93). (lll) High-grade glioma sample
presenting moderate intensity staining (Patient ID #2867). (IV) High-grade glioma
sample presenting strong intensity staining (Patient ID #2862). Images were retrieved
from the Human Protein Atlas (www.proteinatlas.org).
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Figure S6. In vitro DTX release from NP formulations over a time period of 24 h in
medium mimicking systemic physiological conditions (PBS, pH 7.4).
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Figure S7. Preliminary metabolic activity assessment of U-87 MG, U-251 MG and U-373
MG cells after exposure to different concentrations of PLGA-FKR648 labeled H-NPs
composed by 20% PLGA-PEG(2K)-His over a 4 h period.
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Figure S8. Flow cytometry analysis of cell internalization of non-functionalized NPs and
H-NPs assembled from 5%, 10% or 20% PLGA-PEG(2K)-His into GBM conventional cell
lines (U-87 MG, U-251 MG, U-373 MG). Statistical comparison of H-NPs with non-
functionalized NPs. *p<0.05, **p<0.01, or ***p<0.001.
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Figure S9. Scheme of the GIN cell isolation procedure. (A) White light conventional view

R3: Non-fluorescent core

RS: Deep edge (invasive margin)

through the operating microscope of a patient temporal lobe with partially resected GBM.

(B) Same area of (A) under blue light, evidencing areas of 5ALA-Gliolan™ induced pink

tumor fluorescence. (C) Representative MRI of multiregion surgical sampling from a

GBM patient indicating the typical regional (R) location of samples, highlighting the deep

edge/invasive margin, from which GIN cells are isolated.
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Figure S10. Flow cytometry analysis of cell internalization of non-functionalized NPs and
H-NPs assembled from 5%, 10% or 20% PLGA-PEG(2K)-His into GIN patient cells (GIN-
8, GIN-27, GIN-31) and a non-tumor astrocyte control cell line. Statistical comparison of
H-NPs with non-functionalized NPs. *p<0.05, **p<0.01, or ***p<0.001.
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Figure S11. 2D evaluation of the metabolic activity of GIN patient cells after exposure to
different concentrations of unloaded NP formulations. The left panel presents metabolic
activity levels after uninterrupted periods of treatment of 48 h and 96 h. The right panel
presents a dynamic-like boost treatment of 4 h, integrated in an assessment period of
incubation of 96 h. H-NPs were assembled from 20% PLGA-PEG(2K)-His.
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Figure S12. 3D evaluation of the metabolic activity of GIN cells after exposure to different
concentrations of unloaded NP formulations. The left panel presents 2D versus 3D
metabolic activity levels after uninterrupted periods of treatment of 48 h and 96 h. The
right panel presents a 2D versus 3D dynamic-like boost treatments of 4 h or 12 h,

integrated in an assessment period of incubation of 96 h. H-NPs were assembled from
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Figure S13. BBB in vitro model TEER values over maintenance period and at the day of
the permeability experiment.
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Figure S14. Flow cytometry analysis of cell internalization levels of the different NP
formulations. The evaluation was performed in BBB hCMEC/D3 endothelial cells.
Statistical comparison of each group with non-functionalized NPs. *p<0.05, **p<0.01, or
***n<0.001.
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Figure S15. In vivo biodistribution trial of different NP formulations to track their
accumulation in major organs by excision at 24 h analysis. (A) Representative images of
organ accumulation. (B) Quantification of signal intensities at different organs for each
NP formulation.
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Figure S16. In vivo systemic toxicity of free DTX and NP formulations after intravenous
treatment evaluated by organ weight coefficient. NMRI nude mice were orthotopically
grafted with U-87 MG GBM cells at day 0, randomized upon MRI tumor evaluation at day
8, and treated with a 2 mg kg'* DTX dose at day 10.
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Table S1. Representative results of single tandem repeat (STR) genotyping of GIN cells.
The GIN-8 line compared across two passages (pl1l and p33), showed identical STR
genotypes, which matched the STR genotype from primary invasive margin GBM tissue
(T8.3) from which the cells were derived. The GIN-27 line compared across p7 and pl14,
showed identical STR genotypes, which fully matched the STR genotype from their
primary invasive margin GBM tissue (T27.5). GIN-31 p11 cells fully retain the genotype
from the primary invasive margin GBM tissue (T31.5); GIN-31 p33 retains a matched
STR genotype in 13/21 loci, with amplifications acquired in culture likely a result of the
22 passages between this sample and p11. These results confirm that the primary lines
derived from the GBM invasive margin broadly retain the genotype of the tumor. Adapted
with permission[29], 2020, Oxford University Press, the Society for Neuro-Oncology and
the European Association of Neuro-Oncology.

DNA  GIN-8 GIN-27 GIN-31

system 511 p33 T8.3 p7 pl4 T275  pll p33 T31.5
AM X, X X, X X,X X,X X,X X, X X, X X, X X, X

D3s1358 15,16 15,16 15,16 1516 1516 1516 16,18 16,18 16,18
D1S1656 12,16 12,16 12,16 1516 1516 1516 12,15 12,15 12,15
D6S1043 14,18 14,18 14,18 11,12 11,12 11,12 1218 12,18 12,18
D13S317 12,12 12,12 12,12 8,12 8,12 8,12 11,13 11,13 13,13
PentaE 6,9 6,9 6,9 1517 1517 1517 7,12 7,12 7,12
D16S539 12,12 12,12 12,12 10,13 10,13 10,13 10,11 10,11 10,11
D18sS51 16,17 16,17 16,17 12,16 12,16 12,16 17,18  16,17,18 17,18
D2S1338 17,19 17,19 17,19 20,23 20,23 20,23 19,25 11,1925 19,25
CSF1PO 11,11 11,11 11,11 11,12 11,12 11,12 11,12 11,12 11,12
PentaD 12,13 12,13 12,13 911 9,11 9,11 11,12 11,12 11,12
THO1 9,9 9,9 9,9 7.9 7.9 7.9 6,9 6,9 6,9

D21S11 30,30 30,30 30,30 29,31 29,31 2931 2929 28,29 29,29
D7S820 9,10 9,10 9,10 10,12 10,12 10,12 7,10 7,10 7,10
D5S818 12,13 12,13 12,13 10,13 10,43 10,13 11,12  11.1,12 11,12
TPOX 8,11 8,11 8,11 8,9 8,9 8,9 9,9 9,9 9,9

D8S1179 10,13 10,13 10,13 12,14 12,14 1214 11,13  11,13,14.1 11,13

D12S391 18,18 18,18 18,18 15,22 15,22 15,22 17,23 16,17,22.3,23 23,23

FGA 21,22 21,22 21,22 21,24 21,24 21,24 22,26 19.3,22,26 22,26
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Table S2. AE and LD values for the developed DTX-loaded NP formulations.

DTX-loaded NP formulation AE (%) LD (%)
Non-functionalized NPs 3042 £5.11 1.52 £ 0.26
H-NPs 30.98 +7.26 1.55+0.36
CL-ANG2 NPs 30.98 £4.46 1.55+0.22
NCL-ANG2 NPs 36.43£0.20 1.82+0.01
H-CL-ANG2 NPs 31.37+£1.39 1.57 £ 0.07
H-NCL-ANG2 NPs 26.10 +0.80 1.30 £ 0.04

Table S3. LD values for the developed Cy7.5 labeled NP formulations.

Cy7.5-loaded NP formulation LD (%)
H-NPs 0.13 £ 0.02
H-CL-ANG2 NPs 0.14 £ 0.00
H-NCL-ANG2 NPs 0.12 £0.02
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ABSTRACT

Despite being the most prevalent and lethal type of adult brain cancer, glioblastoma
(GBM) remains intractable. Promising anti-GBM nanoparticle (NP) systems have been
developed to improve the anti-cancer performance of difficult-to-deliver therapeutics,
with particular emphasis on tumor targeting strategies. However, current disease
modeling toolboxes lack close-to-native in vitro models that emulate GBM
microenvironment and bioarchitecture, thus partially hindering translation due to poorly
predicted clinical responses. Herein, human GBM heterotypic multicellular tumor
microtissues (MCTMSs) are generated through high-throughput 3D modeling of U-251
MG tumor cells, tissue differentiated macrophages isolated from peripheral monocytes,
and brain microvascular primary endothelial cells. GBM MCTMs mimicked tumor spatial
organization, extracellular matrix production and necrosis areas. The bioactivity of a
model drug, docetaxel (DTX), and of tumor-targeted DTX-loaded polymeric NPs with a
surface L-Histidine moiety (H-NPs), were assessed in the MCTMs. MCTMs cell uptake
and anti-proliferative effect was 8- and 3-times higher for H-NPs, respectively, compared
to the non-targeted NPs and to free DTX. H-NPs provided a decrease of MCTMs anti-
inflammatory M2-macrophages, while increasing their pro-inflammatory M1
counterparts. Moreover, H-NPs showed a particular biomolecular signature through
reduced secretion of an array of medium cytokines (IFN-y, IL-18, IL-1Ra, IL-6, IL-8, TGF-
B). Overall, MCTMs provide an in vitro biomimetic model to recapitulate key cellular and
structural features of GBM and improve in vivo drug response predictability, fostering

future clinical translation of anti-GBM nano-therapeutic strategies.

KEYWORDS

3D in vitro models; Gioblastoma; Multicellular tumor microtissues; Nanomedicine;

Preclinical nanomedicine screening; Tumor microenvironment.
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1. INTRODUCTION

Brain cancers account for approximately 300,000 new cases and 250,000 deaths per
year worldwide, according to the Global Cancer Observatory 2020 [1]. Among brain
cancers, glioblastoma (GBM) is the most common and deadly primary malignant tumor
in adults, with an average median survival of less than 15 months [2]. Focusing on the
tumor microenvironment (TME) of GBM, tumor-associated macrophages (TAMSs)
constitute the major non-neoplastic cell population, composed by brain-intrinsic microglia
and monocyte (MON)-derived macrophages originated from peripheral blood [3]. In
human primary GBMs, it is known that TAMs may constitute over 30-50% of the cell bulk
[3-5] and are mostly derived from peripheral MONs (CCR2*/CX3CR1) [6]. Despite
macrophages can be polarized into either a M1 (pro-inflammatory; anti-tumor) or M2
(anti-inflammatory; pro-tumor) phenotype, or even present a continuum of phenotypes,
TAMs in the GBM TME are mainly M2-like macrophages and key to support tumor
proliferation, stemness, angiogenesis, immune suppression, among others [7].
Endothelial cells (ECs) constitute another crucial GBM TME non-neoplastic cell
population, which typically represents 5-30% of the tumor cell bulk in GBM patient
biopsies [8]. ECs are responsible for tumor angiogenesis, which is especially critical at
the GBM perivascular niche, due to its essential role in tumor maintenance and growth,
modulation of the immune pro-tumor response and therapeutic resistance [9].

The current GBM multimodal standard of care consists of surgical resection, followed by
radiotherapy and temozolomide (TMZ) chemotherapy. Other chemotherapeutics such as
docetaxel [10], paclitaxel [11], doxorubicin [12] and cisplatin [13] have also been
exploited. However, due to the heterogeneity of the TME, tumor infiltration ability and
highly inaccessible brain location of GBM, the majority of patients experiences minimal
progression-free survival and an eventual tumor relapse [14]. Over recent years, GBM
nanomedicines based on nanoparticle (NP) systems have been developed to improve
the anti-cancer performance of difficult-to-deliver therapeutics by providing drug-
protecting vehicles that (i) enhance drugs’ suboptimal aqueous solubility, (ii) improve
brain bioavailability through a more efficient blood-brain barrier (BBB) translocation, and
(i) provide a navigation function for tumor cell targeting or accumulation [15-17]. This
ultimately leads to the increase of drug therapeutic efficacy against GBM, and fewer side
effects [15].

Despite the promising advances made in the field of anti-GBM nanomedicines,
unresolved hurdles have hampered their clinical translation, including the lack of

appropriate GBM in vitro models that recapitulate the in vivo complexity of the disease
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and accurately predict the therapeutic response in a clinical setting [18, 19]. Conventional
2D cell cultures fail to reassemble the tumor heterogeneous cell populations, intrinsic
production of extracellular matrix (ECM), and dynamic cell-cell and cell-ECM interactions
[19]. As an alternative, heterotypic multicellular tumor spheroids, giving rise to
multicellular tumor microtissues (MCTMSs), arose as 3D cell culture models that mimic
better these physiological characteristics of solid tumors and offer a more realistic
representation of the dynamic interplay between the TME components [20]. MCTMs
recreate the intercellular and cell-ECM communication, tumor growth kinetics and
metabolic rates, as well as gradients of pH, oxygen and nutrients [21, 22]. Importantly,
they also recreate the higher therapeutic resistance of 3D tissues, compared to 2D cell
models, while avoiding the ethical issues and interspecies discrepancies of in vivo
studies [23]. Therefore, MCTMs are promising platforms to investigate newly developed
anti-GBM drugs, namely those based on nanomedicines, due to their ability to reliably
predict in vivo therapeutic responses [24].

In this work, a heterotypic MCTM model of GBM comprising U-251 MG tumor cells,
macrophages differentiated in situ and isolated from healthy blood donors peripheral
MONSs, and brain microvascular primary ECs, was developed to test the efficacy of non-
targeted versus tumor-targeted polymeric NPs loaded with a model chemotherapeutic,
namely docetaxel (DTX). Although DTX is not part of the GBM current standard of care,
it holds great potential as an alternative for the conventional temozolomide (TMZ)
chemotherapy, due to a 150,000-times lower ICs (0.008 uM for DTX versus 1250 uM for
TMZ, U-251 MG GBM cell line) [25] and avoidance of the TMZ-related tumor self-repair
mechanisms [26]. Moreover, the pharmaceutical constrains of DTX, which have
hampered its use in clinics, can be easily overcome by NP solutions: (i) depot systems
that enhance the poor aqueous solubility of DTX [27-29], (ii) BBB shuttling systems to
circumvent the lack of BBB permeation ability of DTX (blood plasma to cerebrospinal
fluid ratio of 0.001-0.09 for DTX versus 0.2-0.3 for TMZ) [30, 31], and (iii) tumor targeting
systems that surpass the typical low percentage of only 1% tumor uptake of the total
administered dose [16]. Well-established polymeric NPs of a biocompatible and
biodegradable poly(lactic-co-glycolic acid) (PLGA) matrix [32], modified with
polyethylene glycol (PEG) for surface functionalization and brain-penetrating properties
[33, 34], were chosen for DTX encapsulation. These tumor-targeted PLGA-PEG NPs
were obtained by a straightforward functionalization of their polymeric matrix with L-
Histidine (His), given the capacity of this L isomeric amino acid to recognize and bind the
L-type amino acid transporter 1 (LAT1). LAT1 is extensively reported to be
overexpressed by human GBMs, specifically by U-251 MG cells, and directly correlated

with malignant progression [35-38]. The 3D in vitro model herein proposed is the first
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one combining GBM cells with both primary macrophages and ECs of human and brain
origin, respectively, instead of only GBM cells and macrophages (as cell line) or ECs [39-
42], thus increasing its fidelity for preclinical testing. Besides U-251 MG cells, the model
was designed to comprise the TAMs content of clinical GBMs (30-50%) [3-5], and a well-
spread surface distribution of ECs, typical of highly angiogenic GBM tissues, and actively
contributing to vasculature-related signaling alongside with the tumor cells’ vasculogenic
mimicry [43]. The GBM MCTM was optimized, followed by assessment of NP or free
DTX uptake, anti-proliferative effect, macrophage polarization and biomolecular

signature (cytokine array).
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Figure 1. Schematic illustration of the proposed U-251 MG tumor cells, macrophages
differentiated in situ from blood peripheral MONs and ECs triple-culture GBM MCTM.

Created with BioRender.com.

2. MATERIALS AND METHODS

2.1. Materials

PLGA-COOH was kindly provided by Corbion (Netherlands). Resazurin,
dimethylformamide,  N-hydroxysuccinimide,  N,N-dicyclohexylcarbodiimide,  N,N-

diisopropylethylamine, uranyl acetate, Poloxamer 407, diethyl ether, methanol,
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dichloromethane, potassium bromide, paraformaldehyde, neutral buffered formalin,
trypsin, xylene, graded alcohol series, hematoxylin and eosin (H&E) staining solution,
Tris, EDTA-Na, sodium citrate, DAPI, L-Histidine (COOH-Histidine-BOC, termed COOH-
His-BOC or simply His) and anti-fibronectin were acquired from Sigma-Aldrich (USA);
DTX from LC Laboratories (USA); endothelial basal medium-2, high glucose Dulbecco's
Modified Eagle medium and SeaKem® LE agarose from Lonza (Switzerland);
acetonitrile, Versene and Accutase® from Thermo Fisher Scientific (USA); Triton X-100
from Spi-Chem (USA); RosetteSep-Human Monocyte Enrichment Cocktail from
StemCell Technologies (France); RPMI1640 medium, Alexa Fluor 488-anti rabbit and
Alexa Fluor 594-anti mouse were purchased from Invitrogen (Belgium); fetal bovine
serum and penicillin-streptomycin  from Gibco (USA); PLGA-PEG(2K)-NH. and
MPEG(2K)-PLGA were acquired from Ruixibio (China). PLGA-FKR648 was acquired
from Akina (USA). The total protein content analysis kit was acquired from Bio-Rad (Dc
Protein kit, USA). Anti-Vimentin (V9) was acquired from Santa Cruz Biotechnology Inc
(USA). Anti-CD68 and anti-CD31 were purchased from Agilent (USA). Anti-CD14/APC
and anti-CD86/FITC were obtained from ImmunoTools (Germany). Anti-206/PE was
purchased from BioLegend (USA). Anti-CD163/PE was acquired from BD Biosciences
(USA). The X-junction microfluidic chip (Quartz Droplet Junction Chip, 190 um etch
depth) was acquired from Dolomite (UK). Amicon Ultra-15 centrifugal filter units
(molecular weight cutoff of 100K) were acquired from Merck Millipore (USA). U-251-MG
cells were purchased from Biochrom (Germany); human microvascular primary

endothelial cells from Innoprot (Spain).

2.2. Ethics statement

MONSs were isolated from surplus buffy coats from healthy blood donors, kindly provided
by the Immunohemotherapy Department of Centro Hospitalar Universitario Sdo Joao
(CHUSJ), Porto, Portugal. Procedures were approved by the Centro Hospitalar
Universitario Sdo Joao Ethics Committee (protocol 90/19). Blood donors provided
informed written consent that the byproducts of their blood collections could be used for

research purposes.

2.3. Cells and culturing

U-251 MG GBM cells were cultured in high-glucose Dulbecco's modified Eagle's medium

(DMEM), supplemented with fetal bovine serum (FBS, 10% v/v) and penicillin-
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streptomycin (1% v/v). Brain microvascular primary ECs were maintained in endothelial
basal medium-2 supplemented with FBS (5% v/v) and penicillin-streptomycin (1% v/v).
Human peripheral MONs were isolated from buffy coats from healthy blood donors (using
a RosetteSep-Human Monocyte Enrichment Cocktail, following the manufacturer's
instructions), and maintained in RPMI1640 medium with FBS (10% v/v) and penicillin-
streptomycin (1% v/v). Cell cultures were kept in an incubator (CellCulture CO; incubator,
ESCO GB Ltd., UK) at 37 °C with 5% CO; and 95% relative humidity. Cell culture medium

was changed every 2—-3 days.

2.4 Glioblastoma multicellular tumor microtissue assembly

MCTM spheroids were formed using commercially available molds (3D Petri Dish®,
MicroTissues, USA). Agarose was dissolved at 2% (w/v) in 0.9% NacCl (w/v) and casted
into 3D Petri Dish® molds to form hydrogel micro-molds with 81 homogenous circular
recesses (each micro-mold was filled with 190 uL of medium and placed in a well of a
12-well plate filled with 2 mL of medium). For mono-culture MCTMs, 0.0025x106,
0.005x10° or 0.01x108 U-251 MG cells per spheroid were added to the micro-molds (190
pL) and allowed to settle for 30 min, before adding complete DMEM medium to each well
(2 mL). For dual- and triple-culture MCTMs, the U-251 MG cell number was kept, but
adding human peripheral MONs (1:1 or 1:2 ratio of U-251 MG:MON, respectively), or
human peripheral MONs plus brain microvascular primary ECs (1:2:0.2 ratio of U-251
MG:MON:EC), respectively. MCTM macrophage differentiation from human peripheral
MONSs occurred spontaneously in situ in absence of colony-stimulating factor or other

exogenous factors. Medium was replaced every two days.

2.5. Glioblastoma multicellular tumor microtissue average

diameter, metabolic activity and circularity characterization

At determined time-points (1, 4 and 7 days), MCTMs images were acquired by brightfield
microscopy (ZOE™ Fluorescent Cell Imager, Bio-Rad Laboratories, USA), and MCTMs
average diameter (two diameter measurements randomly evaluated in three different
MCTMs per micro-mold core) and circularity estimated by the open-source software
ImageJ (NIH, USA). For metabolic activity measurements at days 1, 4 and 7, MCTM
micro-molds were incubated with DMEM complete medium containing resazurin (20%
v/v; 190 pL per micro-mold, and 2 mL per each 12 well-plate well where the micro-mold

was placed) and incubated in the dark at 37 °C for 2 h. Following incubation, the
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fluorescence of a supernatant aliquot (100 pL) was measured at the excitation and
emission wavelengths of 530 nm and 590 nm, respectively, using a SynergyMx™
MultiMode microplate reader (BioTek™, USA). All samples were analyzed at least in

triplicate.

2.6. Glioblastoma multicellular tumor microtissue histological

analysis

At days 1, 4 and 7, medium was removed from micro-molds and MCTMs fixed in neutral
buffered formalin (10% v/v; 190 pL per micro-mold, and 2 mL per each 12 well-plate well
where the micro-mold was placed) for 24 h at room temperature (RT). Afterwards, the
micro-molds were washed with phosphate buffered saline (PBS), and a sealing layer of
agarose (2% w/v) dissolved in NaCl (0.9% wi/v) was added to the top of each micro-mold.
The micro-molds were then embedded in paraffin using an automated embedding
system (Thermo Scientific™ STP 120 Spin Tissue Processor, USA). Paraffin embedded
samples were sectioned into 3 pm sections, deparaffinized in xylene and rehydrated in

graded alcohol series. Staining was performed with H&E.

2.7. Glioblastoma multicellular tumor microtissue

immunofluorescence analysis

At day 7, fixed paraffin MCTMs embedded samples, prepared as described above, were
sectioned in 5 ym sections, followed by deparaffinization in xylene and rehydration in
sequentially decreasing ethanol concentrations. Before staining, to retrieve the antigens,
sections were treated with Tris-EDTA (10 mM Tris, 1 mM EDTA-Na, pH 9) or sodium
citrate (10 mM sodium citrate, pH 6) buffers, at 96 °C for 30 min. Next, samples were
washed 3-times by immersing sections in PBS (pH 7.4), under agitation (60 rpm) for 5
min. To permeabilize the samples, sections were immersed in Triton X-100 (0.25% v/v)
at 60 rpm for 10 min and then washed 3-times, as described above. Before adding the
antibodies, samples were blocked with FBS in PBS (10% v/v) for 1 h at RT. Primary
human anti-vimentin (1:50), anti-CD68 (1:100), anti-fibronectin (1:200) or anti-CD31
(1:20) antibodies were added to the samples and incubated overnight, in a wet chamber,
at 4 °C. Samples were washed 3-times, and incubated with species specific secondary
antibodies (at 1:400 dilution) and DAPI (0.5 ug mL?) in a wet chamber, in the dark, for 1
h at RT. Sections were then washed 3-times in PBS, mounted with mounting media and

dried overnight at RT in the dark. Sections were imaged with a SP5 confocal microscope
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(Leica Microsystems, Germany) and image analysis was performed with the LAS AF Lite

software (Leica Microsystems, Germany).

2.8 Chemical synthesis and characterization of PLGA-PEG-His

For the manufacture of tumor-targeted PEGylated NPs (H-NPs), a targeting polymeric
conjugate based on His grafted PLGA-PEG polymer (PLGA-PEG-His) was synthesized
previously to NP production. This procedure was adapted from a protocol described
elsewhere [44, 45]. A solution of COOH-His-BOC (MW ~ 0.255 kDa, 30.6 mg, 120 pmol),
N-hydroxysuccinimide (41.4 mg, 360 umol) and N,N-dicyclohexylcarbodiimide (74.3 mg,
360 umol) in 9 ml anhydrous dimethylformamide was treated with PLGA-PEG(2K)-NH:
(Mn ~ 17 kDa, 360 mg, 22 umol) and N,N-diisopropylethylamine (37.8 mg, 293 umol) in
5 ml anhydrous dimethylformamide. The reaction was stirred for 24 h at room
temperature (RT) under inert atmosphere. The resultant mixture was poured into cold
diethyl ether (80 mL), washed 3-times with methanol (40 mL) and dried under vacuum
overnight. The polymeric conjugate was re-dissolved and filtered in 15 mL anhydrous
dichloromethane, and dried under vacuum overnight. The obtained polymeric conjugate
was termed PLGA-PEG-His-BOC. A selective carbamate hydrolysis was further
employed to remove the -BOC protecting group. Here, trifluoroacetic acid (455 L, 5.9
mmol) was added to PLGA-PEG-His-BOC (150 mg, 0.009 mmol) dissolved in anhydrous
dichloromethane (16 mL), and the reaction mixture was stirred overnight at RT under
inert atmosphere. The reaction mixture was then extracted and neutralized 3-times with
a 1 M NaOH aqueous solution (8.5 mL). The organic layer was dried under vacuum
overnight, washed with cold diethyl ether (10 mL) and dried again. To characterize
PLGA-PEG-His, FTIR spectra were recorded with a FTIR-RAMAN Perkin Elmer 2000
(Perkin Elmer, USA) spectrometer using the potassium bromide (KBr) pellet method.
Each pellet was prepared by blending 2 mg of the polymeric conjugate with 200 mg KBr.
After a 5-min purge of the sample chamber with N2, IR spectra were immediately
recorded by accumulation of 200 interferograms at a 4 cm™ spectral resolution over the

range from 400 to 8,000 cm™ with background subtraction.

2.9 Nanoparticle manufacture

The microfluidic protocol for non-targeted PEGylated NP (MPEG NPs) manufacture was
adapted from elsewhere [46-48]. Briefly, the organic phase consisted of a polymer

solution at 40 mg mL™. The total polymer concentration was based on 95% PLGA-COOH
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backbone (Mn ~ 35 kDa), and 5% mPEG(2K)-PLGA (Mn ~ 17 kDa) or the previously
synthesized PLGA-PEG-His, and DTX at 2 mg mL in acetonitrile (for preliminary assays
in 2D cultures, 10% and 20% PLGA-PEG-His were also assessed). Whereas, the
agueous phase consisted of a Poloxamer 407 aqueous solution (1% wi/v). Both phases
were injected into a X-junction microfluidic chip with a three-inlet layout, in which the
organic (0.75 mL mint) and aqueous (2.25 mL min?) phases were injected through the
central and the two outer inlets, respectively. Each experiment was conducted until 20
mg of NPs were produced (equivalent to a 40 s run time). NPs were washed 3-times with
water and recovered by ultrafiltration using Amicon Ultra-15 centrifugal filter units. For
the obtention of fluorescent labeled NPs, 10% of the backbone polymer content of the
organic phase was replaced by PLGA-FKR648 (Mn ~ 20 kDa).

2.10 Nanoparticle characterization

NPs were characterized for their average size and polydispersity index (PDI) by dynamic
light scattering (DLS), and zeta-potential through laser Doppler anemometry (LDA),
using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd.,
Worcestershire, UK). For these measurements, samples were diluted (1:100) in an ionic
solution of 10 mM sodium chloride. The morphological features of the NPs were analyzed
by transmission electron microscopy (TEM) with a JEOL JEM 1400 microscope (JEOL
Ltd., Tokyo, Japan) at an accelerating voltage of 120 kV. Images were digitally recorded
using a Gatan SC 1100 ORIUS CCD camera (Gatan, Warrendale, PA). Samples were
prepared by dropping 10 pL of NPs suspension onto a 300-mesh nickel grid, and stained
with uranyl acetate. The amount of loaded DTX was directly quantified by high-
performance liquid chromatography (HPLC) in order to determine the association
efficiency (AE) and loading degree (LD) of the developed formulations by dissolving the
NPs in 2 mL dimethylformamide. The calculation of AE and LD followed Equation (1) and

(2), respectively.

AE (%) - Quantified loaded mass of cargo % 100 (1)

Initial mass of cargo

LD (%) - Quantified loaded mass of cargo % 100 (2)

Total mass of NPs

The quantification of DTX was performed by reversed-phase HPLC with ultraviolet
detection using a Merck-Hitachi LaChrom® HPLC system (Merck, USA). A Symmetry
C18 column (5 pum, 125x4 mm; Milford, USA) with a LiChrospher 100 RP-18 guard
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column (Merck, USA) was used as stationary phase. Chromatographic runs were
performed using a gradient method at a flow rate of 1 mL/min. Initial stage was 10%
acetonitrile and 90% water from 0 to 5 min; from 5 to 14 min, the conditions were defined
as 60% acetonitrile and 40% water; final stage returned to 10% acetonitrile and 90%
water from 14 to 17 min. The injection volume was 50 yL per sample, analyzed at a

detection wavelength of 227 nm.

2.11 Glioblastoma multicellular tumor microtissue uptake of

nanoparticle formulations

For preliminary assays in 2D cultures, 0.25x10° U-251 MG (6-well plate) cells were
seeded and allowed to attach overnight, washed with PBS, and PLGA-FKR648 labeled
NPs in complete medium (25 ug mL* NPs, corresponding to approximately 0.5 uM DTX
dose) were added for 4 h at 37 °C. Afterwards, cells were washed twice with PBS,
detached with trypsin (250 L), and 500 pL media were added to each well. Cells were
subsequently washed with PBS, fixed with 2% paraformaldehyde (PFA) for 20 min at
RT, washed again, and placed into cytometer tubes for further analysis. Cells were
analyzed using an Accuri C6 cytometer (BD Biosciences, USA). For MCTM assays, at
day 1, each micro-mold was washed with PBS, and PLGA-FKR648 labeled NPs in
complete medium (100 ug mL?* NPs, corresponding to approximately 2 uM DTX dose;
190 pL per micro-mold, and 2 mL per each 12 well-plate well where the micro-mold was
placed) were added for 4 h or 12 h at 37 °C. After, medium was removed and the
spheroids were transferred to a 15 mL plastic tube. Per tube, spheroids were incubated
with Versene (400 pL) for 15 min, and Accutase® (200 pL) for 30 min, at 37 °C, followed
by vigorous pipetting for dissociation into single cells. Isolated cells were afterwards
washed twice with PBS, fixed with 2% PFA for 20 min at RT, washed again, and placed
into cytometer tubes for further analysis. Cells were analyzed using an Accuri C6
cytometer (BD Biosciences, USA). Cells incubated with only cell culture medium were
used as the unstained control, and all cell constituents were grouped in a single gate.
Mean fluorescence intensity (MFI) was measured for at least 10,000 viable plus single
cell gated events per sample, and all data was processed with FlowJo software (Tree

Star, USA). Experiments were performed at least in triplicate.
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2.12 Glioblastoma multicellular tumor microtissue anti-

proliferative effect of drug and nanoparticle formulations

At day 1, each MCTM micro-mold was washed with PBS, and different concentrations of
drug or NP samples (0.0045 to 4.5 uyM, in regard to the drug) in medium (190 uL per
micro-mold, and 2 mL per each 12 well-plate well where the micro-mold was placed)
were added and incubated up to 48 h and 96 h, at 37 °C. This setup allowed to mimic
the clinical situation, when the treatment is applied while the tumor is evolving. For the
dynamic-like boost treatment, the same procedure was followed, but drug or NP samples
at a 4.5 pM concentration were added for 12 h, micro-molds washed 3-times with PBS,
and incubated with fresh medium up to 96 h. At each time point, the medium was
removed and the spheroids transferred to a 15 mL plastic tube. Per tube, spheroids were
incubated with Versene (400 pL) for 15 min, and Accutase® (200 pL) for 30 min, at 37 °C,
followed by vigorous pipetting to dissociate the spheroids into single cells. The cells were
washed 3-times with PBS and resuspended in 200 pL medium, from which 30 pyL were
transferred to 96-well plates and allowed to attach overnight. At the following day,
resazurin (200 uL, 20% v/v) was added to each well and incubated for 4 h at 37 °C in the
dark. After, fluorescence was measured at the excitation and emission wavelengths of
530 nm and 590 nm, respectively, using a SynergyMx™ MultiMode microplate reader
(BioTek™, USA). Experiments were performed at least in quadruplicate, and all data
was normalized in regard to the positive control (medium), which was considered as
100% metabolic activity. Graphical data for cell metabolic activity was referenced to a
threshold of 70% cell viability according to the 1ISO 10993-5 standard [49].

2.13 Glioblastoma multicellular tumor microtissue macrophage
polarization after treatment with drug and nanoparticle

formulations

At day 1, each MCTM micro-mold was washed with PBS, and different concentrations of
drug or NP samples (0.0045 pM, in regard to the drug) in medium (190 pL per micro-
mold, and 2 mL per each 12 well-plate well where the micro-mold was placed) were
added and incubated for 48 h, at 37 °C. Medium was removed and the spheroids
transferred to a 15 mL plastic tube. Per tube, spheroids were incubated with Versene
(400 pL) for 15 min, and Accutase® (200 uL) for 30 min, at 37 °C, followed by vigorous

pipetting to dissociate the spheroids into single cells. The cells were washed with PBS,
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resuspended in PBS containing 2% FBS (50 uL) with anti-CD14/APC (1:25), anti-
CD86/FITC (1:25), anti-CD163/PE (1:10) or anti-206/PE (1:50) antibodies, and
incubated in the dark for 40 min at 4 °C. After incubation, cells were washed twice and
resuspended in PBS containing 2% FBS, fixed with 2% PFA for 30 min at RT, washed
again, and placed into cytometer tubes for further analysis. Samples were analyzed with
a BD FACSCanto™ Il flow cytometer (BD Biosciences, USA). MFI was measured for at
least 10,000 viable plus single cell gated events per sample, and all data was processed

with FlowJo software (Tree Star, USA). Experiments were performed at least in triplicate.

2.14 Glioblastoma multicellular tumor microtissue cytokine
secretion levels after treatment with drug and nanoparticle

formulations

Each MCTM micro-mold was exposed to a 0.0045 uM DTX equivalent dose for 48 h at
37 °C and 5% CO., at day 1. MCTM supernatants were collected, centrifuged at 300 g
for 5 min, frozen at -20 °C and further analyzed through ELISA by EVE Technologies
(Canada). The supernatant concentration of IFN-y, IL-1B, IL-1Ra, IL-6, IL-8, TGF-3, TNF-
a and MCP-1 was measured and normalized towards the total protein concentration

(total protein content estimated according to manufacturer’s instructions).

2.15 Statistical analysis

Results are represented as mean + standard deviation from a minimum of three
independent experiments. Statistical analysis was performed by 2-tailed paired Student's
t-test, or two-way analysis of variance (ANOVA) followed by a post hoc test (Dunnett's
test), to compare experimental groups. Differences were considered significant at
*p<0.05, **p<0.01, or ***p<0.001. Statistical analysis was performed with the software
GraphPad Prism 9 (GraphPad Software, USA).
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3. RESULTS AND DISCUSSION

3.1 Optimization and characterization of the heterotypic

glioblastoma multicellular tumor microtissue

In this work, a novel GBM-recapitulating in vitro model was developed based on a 3D
heterotypic MCTM spheroid. The main goal of this model was to closely mimic the tumor
3D structure and interactions between three of the most representative cellular
components of the GBM TME - tumor cells, macrophages derived from peripheral
MONSs, and ECs - to further allow the testing of efficacy and biocompatibility of
nanomedicines with chemotherapeutic, immunotherapeutic and/or anti-angiogenic roles.
The GBM MCTMs were assembled using microwell array technology, by performing the
cell seeding in high-throughput 81-well agarose hydrogel micro-molds [50]. The agarose
hydrogel inhibits cell-surface adhesion, thus inducing cell-cell interaction and
aggregation, and ultimately resulting in large-scale production of GBM MCTM spheroids
with excellent reproducibility in shape and size [51]. The optimization of the GBM MCTM
started with a U-251 MG tumor core mono-culture, followed by step-by-step addition of
peripheral MONs and ECs (Figure 1).

3.1.1 Mono-culture glioblastoma multicellular tumor microtissue

To assemble the U-251 tumor mono-culture MCTMs, three different cell densities were
seeded on agarose micro-molds, namely 2,500, 5,000 and 10,000 cells per MCTM.
Brightfield microscopy demonstrated that, at day 1, loose cell aggregates were obtained
for all cell densities (Figure 2A). Yet, over time and up to day 7, the cell aggregates
became spherical-shaped 3D structures with a high level of compactness. For the two
higher cell densities, either the MCTM metabolic activity regressed over time (reduction
of 10,000 resazurin fluorescence units for 10,000 cells per MCTM; Figure 2B) or a
decrease in average size was observed (100 um and 200 pm regression for 5,000 and
10,000 cells per MCTM, respectively; Figure 2C) from day 1 to day 7. The decrease in
size was also noticeable by brightfield microscopy at day 7 (Figure 2A), alongside with
the appearance of irregular protuberances on the MCTM surface. This suggested that
these high cell densities exhausted the medium nutrients and provoked cell death per
se, which disturbed the intercellular organization [52]. For the lowest cell density, the

metabolic activity was, however, kept relatively constant over the culture period, as well
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as the average size (approximately 300-350 nm), which is in accordance with the typical
slow proliferation rates of compact cellular tissues [53]. Regarding MCTM circularity, no
biologically relevant differences were found among the different initial cell densities at
day 1, 4 and 7 (values averaging 0.9; Figure 2D). H&E histological studies corroborated
the cell looseness and lack of intercellular organization of the MCTMs at day 1, which
was gradually replaced by highly organized cell compactness up to day 7 (Figure 2E).
Focal sites of necrosis were observed for all initial cell densities from day 4, without a
well-organized necrotic core, as in accordance with what has been reported for glioma
cellular tissues of around 300 um average size [22, 54]. The focal sites of necrosis are
associated with localized deprivation of oxygen and nutrients, leading to the formation of
hypoxic areas with a certain degree of cell death, characteristic of tumor tissues [50].
Considering these findings, and to minimize the impact on cell viability, we opted to fix
the U-251 initial cell density as 2,500 cells per MCTM. Higher cell densities, with a higher
number of cells per micro-mold area, led to a metabolic activity and/or average size
regression over time, suggesting spatially-induced cell death and uncontrolled
intercellular disorganization. 2,500 cells per MCTM kept a constant metabolic activity
and average size over time, while still retaining focal sites of tumor-representative

necrosis.
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mono-culture GBM MCTMs formation and
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densities. Scale bar represents 100 ym. B) MCTMs metabolic activity, C) average

diameter, and D) circularity progression over time as function of the initial seeding cell
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density. E) H&E staining of the formed MCTMs (20x magnification left panel, 100 pm
scale bar; 40x magnification right panel, 50 um scale bar). Necrotic areas are
characterized by a white color. Statistical comparison of the lowest initial seeding cell
density with the other conditions within each evaluation day. *p<0.05, **p<0.01, or
***n<0.001.

3.1.2 Dual-culture glioblastoma multicellular tumor microtissue

To assemble the dual-culture MCTMs, donor-isolated peripheral MON were cultured with
U-251 tumor cells in two different ratios, namely 1:1 and 1:2 (U-251:MON).

At day 1, similarly to what was observed by brightfield microscopy for mono-culture
MCTMs, dual-culture MCTMs presented loose cell aggregates for both tested ratios
(Figure 3A). However, over time and up to day 7, a high cell compactness and spherical-
shaped 3D organization was developed. For both ratios, the MCTM metabolic activity
regressed over time from day 1 to day 7 (reduction of approximately 10,000 resazurin
fluorescence units; Figure 3B). This might be attributed to the compromised viability of
excess MONs that were not able to infiltrate the MCTM and progress in the regular
immunological process by differentiating into macrophages in situ. Another explanation
could be the mechanical pressure imposed by tumor cells on MONs due to their higher
proliferation rate or to their ability to secrete factors that might impair MONs
differentiation, hence leading to immune cell death [55]. For both cell ratios, the average
size of the MCTMs was kept relatively constant over time (approximately 350 um; Figure
3C), and similar to the mono-culture system. In what concerns circularity, no biologically
relevant differences were found between the two ratios and in relation to the mono-
culture MCTMs at day 1, 4 and 7 (values averaging 0.8-0.9; Figure 3D). H&E histological
analysis demonstrated cell looseness, structural disorganization and significant surface
protuberances at day 1, which were replaced by a highly organized spherical shaped
structure over time, with significant cell compactness, particularly at day 7 (Figure 3E).
Despite not forming a highly organized necrotic core, the size of focal sites of necrosis
increased from day 1 to day 7 for both ratios, which is characteristic of the tumor spheroid
growing process [56].

Altogether, we opted to fix the cell ratio of the dual-culture GBM MCTMs as 1:2 (U-
251:MON). This ratio allowed to keep their metabolic activity and average size relatively
constant over time, while also presenting a certain degree of tumor-representative

necrosis and, possibly, a higher number of macrophages per microtissue.
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Figure 3. Human U-251 tumor cells and macrophages, differentiated from donor-isolated
peripheral MONs, dual-culture GBM MCTMs formation and characterization along 7
days. A) Over time brightfield images of the dual-culture GBM MCTMs morphology,
considering two different initial cell ratios (1:1 and 1:2). Scale bar represents 100 um. B)
MCTMs metabolic activity, C) average diameter, and D) circularity progression over time
as function of the initial seeding cell ratio. E) H&E staining of the formed MCTMs (20x
magnification left panel, 100 um scale bar; 40x magnification right panel, 50 um scale
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bar). Necrotic areas are characterized by a white color.

3.1.3 Triple-culture glioblastoma multicellular tumor microtissue

In order to assemble the triple-culture MCTMs, brain primary ECs were co-cultured with
U-251 tumor cells and donor-isolated peripheral MONs at a 1:2:0.2 ratio (U-
251:MON:EC).

As previously observed by brightfield microscopy for mono- and dual-culture MCTMs,
triple-culture MCTMs presented highly disorganized and loose cell aggregates at day 1
(Figure 4A). Over time and up to day 7, the triple-culture MCTMs acquired a densely
organized, compact and tightly packed core, surrounded by a looser surface cell layer.
This reassembles the in vivo scenario, as GBM often presents a compact lesion core,
surrounded by a more diffusive tumor invasive margin [57]. Compared to mono- and
dual-culture MCTMs, triple-culture MCTMs presented a higher metabolic activity
(50,000-60,000 versus 20,000-30,000 resazurin fluorescence units; Figure 4B) and
average size (approximately 500 um versus 350 um; Figure 4C), which might be
explained by the higher cell proliferation and the presence of the looser surface cell layer,
respectively. Regarding circularity, no biologically relevant differences were found
between the mono-culture, dual-culture and triple-culture MCTMs (values averaging 0.8-
0.9; Figure 4D). H&E histological analysis showed a similar pattern to dual-culture
MCTMs, with considerable cell looseness and disorganization at day 1, but a highly
organized and packed structure at day 7 (Figure 4E). Moreover, the size of focal sites
of necrosis within the MCTM structure increased over time from day 1 to day 7, which
most probably results from the tumor spheroid growing process [56].
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Figure 4. Human U-251 tumor cells, macrophages differentiated from donor-isolated
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activity, C) average diameter, and D) circularity progression over time as function of the
initial seeding cell ratio. E) H&E staining of the formed MCTMs (20x magnification left
panel, 100 um scale bar; 40x magnification right panel, 50 um scale bar). Necrotic areas
are characterized by a white color. Statistical comparison of triple-culture GBM MCTMs
with the other MCTM types within each evaluation day. *p<0.05, **p<0.01, or ***p<0.001.

3.2 Glioblastoma multicellular tumor microtissue cell co-

localization and production of extracellular matrix

Immunofluorescence studies were performed to investigate the MCTM location of U-251
MG tumor cells (vimentin), macrophages (CD68) and ECs (CD31). Since abundant
production of ECM-representative fibronectin has been found in GBM biopsy samples
and correlated with disease progression [58], MCTM location of this ECM constituent
was also investigated.

For the mono-culture GBM MCTMs, a homogeneous and spherical distribution of the
vimentin tumor marker was observed (Figure 5). Moreover, the MCTMs presented
massive intrinsic production of fibronectin, specially located at the tissue core. This is
consistent with the reported capacity of GBM cells to synthesize and secrete their own
ECM with high level of cross-linking, making the tumor tissue more rigid compared to the
normal brain [59]. Regarding the dual-culture GBM MCTMs, the CD68 macrophage
marker was predominately co-localized with the MCTM surface. This suggested a poor
penetration of the macrophages into deeper regions of the MCTM, and a preferential
accumulation at the MCTM surface, which has been observed in other tumor cell-
macrophage co-culture spheroid models [50]. Whereas, the vimentin tumor marker was
well-spread throughout the 3D structure, and the MCTM maintained the capacity to
secrete its own ECM fibronectin. For the triple-culture MCTMs, the vimentin tumor
marker pattern was similar to the mono- and dual-culture MCTMs, presenting spreading
throughout the overall structure of the tissue, and with a well-defined distribution at the
MCTM periphery. Similarly, it was found a homogeneous spreading of the CD31 EC
marker throughout the MCTMSs. Interestingly, compared to the dual-culture MCTMs, the
CD68 macrophage marker presented a more spread distribution across the triple-culture
MCTM structure, and not only an accumulation at the MCTM surface. Furthermore, the
intensity of ECM fibronectin was considerably reduced in the triple-culture MCTM model,
compared to mono- and dual-culture MCTMs. Since ECs are reported to be one of the
major cell population responsible for ECM-degrading proteolytic activity within the GBM

TME [60] and are exclusively present in the triple-culture MCTM model, it is hypothesized
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that these cells contributed to the partial elimination of ECM-representative fibronectin,
thus allowing macrophages to migrate towards deeper regions of the MCTMs. Further
studies will be performed to confirm such hypothesis. This recapitulates the in vivo
scenario in a more precise manner, compared to macrophage confinement to the MCTM
surface, since there is evidence that these cells are located not only at the tumor

periphery (invasive margin), but also intratumorally (tumor bulk) [4].

Y o

MONO-CULTURE DUAL-CULTURE TRIPLE-CULTURE

Fibronectin

Vimentin

DAPI
Vimentin

Figure 5. Immunofluorescence microscopy images of day 7 mono-, dual- and triple-

culture GBM MCTMs. Representative images of cellular organization within the MCTMs
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of: fibronectin (green); U-251 MG-vimentin (pink); macrophages—CD68 (yellow); ECs-

CD31 (red); nuclei counterstaining with DAPI (blue). Scale bars represent 80 um.

3.3 Nanoparticle production and characterization

In this work, non-targeted and tumor-targeted His-decorated NPs (Figure 6A) of PLGA
and PEG encapsulating DTX were manufactured by a microfluidic technique previously
optimized by our group [46-48].

Previously to NP manufacture, a PLGA-PEG polymer was chemically functionalized with
His via a carbodiimide strategy to obtain a PLGA-PEG-His polymeric conjugate (around
70% vyield and 90% conjugation efficiency, data not shown). The successful
functionalization was confirmed by FTIR spectroscopy (Figure S1), which demonstrated
a similar chemical fingerprint to PLGA-PEG (C-H bending, C-O and C-N stretching,
[61]), and a new band at 1668 cm™* characteristic of the C=0 stretching in amides (amide
). Both non-targeted and tumor-targeted NP formulations presented a similar average
size (approximately 200-250 nm), relatively homogenous size distribution (PDI of
approximately 0.2-0.25), and a negative zeta-potential (approximately -30 mV), as
schematized in Figure 6B. These properties were similar to the unloaded formulation
counterparts (Figure S2). AE and LD values for the DTX-loaded NP formulations are
shown in Table S1. TEM analysis evidenced spherical shaped particles with relatively
smooth surfaces, with a size distribution identical for both formulations (Figure 6C).
Considering that MCTM in vitro studies were performed over 7 days in FBS
supplemented cell culture medium, we further determined the colloidal stability of the NP
formulations. Although there is an increasing trend in both average size and PDI over
time, due to the well reported adsorption of medium proteins on the NP surface and
consequent aggregation of the nanosystems [62], no biologically relevant differences
were found between day 0 and day 7 for both non-targeted and tumor-targeted His-
decorated NPs (average size < 300 nm and PDI < 0.3 at day 7, Figure 6D). Zeta-
potential values were kept constant over the 7-day duration of the stability assay (-36.2
+1.0,-335+ 2.4 and -36.2 £ 2.5 mV for H-NPs at day 0, 4 and 7, respectively; -35.1 +
0.9,-36.1+ 3.4 and -35.3 £ 1.9 mV for mPEG NPs at day 0, 4 and 7, respectively).
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Figure 6. NP manufacture and characterization. A) Schematic illustration of DTX-loaded
MPEG NPs and H-NPs. B) Characterization of average size, PDI and zeta-potential of
DTX-loaded mPEG NPs and H-NPs. C) TEM characterization of DTX-loaded
formulations, where | and Il correspond to DTX-loaded mPEG NPs and DTX-loaded H-

NPs, respectively. D) NP stability over 7 days in FBS supplemented cell culture medium.

3.4 Cell uptake

MCTMs were assessed for their capacity to differently uptake H-NPs or the respective
PEGylated control without surface His, mMPEG NPs, by flow cytometry.

As a preliminary assay, H-NPs manufactured using different percentages of the PLGA-
PEG-His polymeric conjugate (5%, 10% and 20%) were tested regarding U-251 MG cell
uptake after a 4 h treatment (Figure S3). In general, an increasing cell uptake was
observed for increasing percentages of PLGA-PEG-His polymer. The lowest percentage
(5% PLGA-PEG-His) was selected to proceed with further studies, since it already
resulted in a 2-times or higher percentage of positive cells and MFI compared to mPEG
NPs without surface functionalization with His. Regarding the GBM MCTMs, as shown

in Figure 7, after 4 h treatment, H-NPs presented a significantly higher cell association

134



CHAPTER IV. GLIOBLASTOMA MULTICELLULAR MICROTISSUE AS A

3D IN VITRO EVALUATION TOOL OF ANTI-CANCER NANO-THERAPEUTICS
compared to mPEG NPs, which was reflected by a 1.5- and 2-fold increase in percentage
of positive cells (Figure 7A) and MFI (Figure 7B), respectively. While for a 12 h
treatment, a 1.5- and 9-fold increase was found for H-NPs regarding percentage of
positive cells (Figure 7A) and MFI (Figure 7B), respectively. His on the H-NPs surface
is a well-known ligand of LAT1, which is a transporter vastly described to be
overexpressed by human gliomas such as GBM, and directly correlated with their
aberrant proliferation and malignant development [35-37]. RT-PCR studies confirmed
the overexpression of LAT1 mRNA by U-251 MG cells, being this the tumor cell
component of the GBM MCTM [38]. A higher NP internalization of dendrimers modified
with His has been correlated with the overexpression of amino acid transporters, such
as LAT1 in HelLa cervical cancer cells, required for the rapid proliferation and increased
antioxidant demands of these cells [63]. LAT1-mediated cancer cell delivery has also
been exploited through the use of alternative LAT1 amino acid substrates, including
glutamate [64, 65] and L-tyrosine [66]. Moreover, LAT1 overexpression by tumor tissues
has been widely explored in positron emission tomography (PET) imaging through the
development of tumor-enhancing PET probes modified with other L-amino acids, such
as L-methionine [67], L-phenylalanine [68], or L-tyrosine [69]. Altogether, the increased
cell association of H-NPs herein observed was attributed to a higher MCTM tumor cell
internalization mediated by the binding of the H-NP surface His to the U-251 MG-
overexpressed LAT1 transporter. Although ECs comprise a minor population within the
GBM MCTM, we envisage that they are also responsible for the higher MCTM cell
internalization of H-NPs compared to mPEG NPs. LAT1 is reported to present
overexpression in the glioma microvascular endothelium and to play a key role in the
regulation of tumor angiogenesis and proliferation, as well as in pro-angiogenic VEGF-A
signaling [67, 70]. Macrophages differentiated from peripheral MONSs, in turn, present
low or no expression of LAT1, unless stimulated by pro-inflammatory environments [71-
73]. Thus, we believe that the macrophagic population within the GBM MCTM is not
responsible for the enhanced cell internalization observed for H-NPs. Importantly, these
cell uptake experiments were performed in an early phase of MCTMs development,
which can correlate with an early phase of GBM development, and the findings should
not be extrapolated to a later stage of tumor progression. Moreover, despite the high
concentration of competing endogenous His (around 1 nm average diameter) in plasma
and cerebrospinal fluid of approximately 90 uM and 20 uM, respectively, this is not
expected to interfere with the tumor-targeting efficiency of H-NPs (around 200-300 nm
average diameter) [74, 75]. Other works demonstrated that ligand-functionalized NP
systems increase the affinity of the NPs towards the receptor of interest by several-

orders of magnitude compared to the free form of the ligand, mainly because a single
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NP can spatially bind to several cell transporters at a time and lead to the so-called
“multiligand binding” phenomenon [76, 77]. To corroborate this, when incubating both
ligand-functionalized NPs and the respective ligand alone, several-orders of magnitude
higher concentration of the ligand alone might be needed to cause 50% displacement of
the NPs from the receptor (inhibitory constant) in comparison with the concentration
usually needed to cause 50% displacement of the free form of the ligand [76, 78]. This
is, moreover, strongly supported by the poor capacity of displacement of multiligand

binding molecules or particles offered by monovalent ligands [79, 80].
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Figure 7. Flow cytometry analysis of cell internalization of mPEG NP or H-NP
formulations into triple-culture GBM MCTMs cells. A) Percentage of positive cells. B) MFI
values, normalized to the unstained control. Statistical comparison of H-NPs with mPEG
NPs. *p<0.05, **p<0.01, or ***p<0.001.

3.5 Anti-proliferative effect

The ability of DTX-loaded H-NPs or mPEG NPs to inhibit GBM MCTMs cell proliferation
was assessed and compared to the non-nanoparticulate free DTX control.

GBM MCTMs metabolic activity was investigated after uninterrupted periods of treatment
of 48 h (day 3) and 96 h (day 5) with DTX doses ranging from 0.0045 to 4.5 uM (Figure
8A, left panel). For both periods of treatment, the metabolic activity decreased in a dose-
dependent manner and, from 0.045 to 4.5 uM DTX dose, 48 h of treatment already
provided similar cytotoxicity levels as compared to 96 h. Overall, metabolic activity
reached a minimum value of around 5% for all testing conditions. Interestingly, a more

pronounced metabolic activity decrease was found for DTX-loaded H-NPs compared to
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free DTX, after 48 h (25% versus 50% at 0.045 pM; 10% versus 25% at 0.45 pM) and
96 h (25% versus 50% at 0.045 uM) of treatment. Whereas, the effect of DTX-loaded
MPEG NPs was similar to free DTX for both periods and all drug concentrations. The
more cytotoxic effect of DTX-loaded H-NPs was in accordance with the previous cell
uptake results, and attributed to the ameliorated ability of H-NPs of being internalized by
the cellular components of the MCTMs, especially due to the binding of surface His to
the tumor cell-overexpressed LAT1. Thus, this resulted in a closer cell-drug interaction
and, consequently, higher levels of inhibition of cell metabolic activity. It is important to
note that these findings are based on static assay conditions, which can overestimate
the effect of free DTX and underestimate the effect of DT X-loaded NP formulations, since
free drug molecules are readily available to interact with cells, while nanoparticulated
drug requires diffusion or erosion of the NP matrix to start exerting an anti-proliferative
effect [32].
In an attempt to scrutinize the adjuvant effect of H-NP surface His on the cell proliferation
of the GBM MCTMs, a 12 h dynamic-like boost treatment was performed [81]. Therefore,
for the highest DTX dose, 4.5 uM, MCTM cells were incubated with the testing
formulations for only 12 h - an exposure time assessed in cell uptake studies -, and the
metabolic activity was further analyzed at day 5 (Figure 8A, right panel). It was observed
a significantly lower metabolic activity associated with DTX-loaded H-NPs (around 10%),
corresponding to 4- and 3-times lower values compared to free DTX (around 40%) and
DTX-loaded mPEG NPs (around 30%), respectively. Once again, this was attributed to
the improvement of MCTM cell uptake provided by H-NPs, which resulted in a more
pronounced chemotherapeutic effect of DTX. Over an exposure time of 12 h, H-NPs are
hypothesized to present a higher retention into the cellular core of the GBM MCTMs, and
even reach deeper areas of the microtissue, compared to mPEG NPs and the non-
nanoparticulate free DTX control, as supported by key findings of other authors in the
field [82-84]. Altogether, these findings evidenced the higher cytotoxicity sensitivity of the
GBM MCTMs to the NP formulation modified with surface His (Figure 8B), ultimately
leading to a clear DTX chemotherapeutic advantage.
Since NP surface His proved to enhance MCTM cell uptake and anti-proliferative effect,
compared to mPEG NPs, the H-NP formulation was selected to proceed with further
studies. Additional data regarding the impact of the unloaded NP formulations on GBM

MCTMs metabolic activity can be found in Figure S4.
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presents a dynamic-like boost treatment of 12 h, integrated in an assessment period of

incubation of 96 h. Statistical comparison of free DTX with the other drug-loaded groups,

within each dose range. *p<0.05, *p<0.01, or ***p<0.001. B) Heat-map representation

of the anti-proliferative effect of free DTX and DTX-loaded NP formulations on triple-

culture GBM MCTMs cells in the tested concentrations. Statistical comparison of DTX-

loaded H-NPs with the other drug-loaded groups, within each dose range. *p<0.05,
**p<0.01, or **p<0.001.

3.6 Macrophage polarization

Over the past years, there has been an increasing interest on the plasticity of TAMs
within the TME, and their ability to either support or suppress the anti-tumor immunity.
Nonetheless, TAMs are recognized as crucial to enhance tumor growth, mainly by
fomenting angiogenesis and ECM remodeling, and hijacking pro-inflammatory networks
[85]. Since macrophages constitute a major cellular component of the GBM MCTMs, we
analyzed alterations in their polarization after a 48 h treatment with non-nanoparticulate
free DTX, as well as unloaded and DTX-loaded H-NPs. Therefore, the lineage marker
CD14* macrophage population of MCTMs was analyzed regarding the expression of the
mannose receptor CD206 and the scavenger receptor CD163 (both anti-inflammatory
M2 markers), and the T cell co-stimulatory CD86 (a pro-inflammatory M1 marker),
respectively, as illustrated in Figure 9.

For all testing groups - untreated (incubation with cell culture medium only), unloaded H-
NPs, non-nanoparticulate free DTX, DTX-loaded H-NPs - 48 h after the triple-culture
MCTM development, the CD14" macrophage population (45.8 £ 10.6, 47.5 £ 13.2, 44.1
+10.3, 47.1 £ 8.1 %, respectively) and total protein concentration (3.810 + 0.093, 3.784
+ 0.214, 3.784 + 0.139, 3.761 + 0.120 mg mL?, respectively; assuring maintenance of
cell viability post-treatment) were assessed. Since human primary GBMs present TAMs
populations that constitute approximately 30-50% of the cell bulk [3-5], this demonstrated
a reliable in vitro-in vivo correlation for the GBM MCTMs. Regarding the polarization of
the CD14" macrophage population, for the untreated group, approximately 50% CD206,
15% CD163 and 20% CD86 positive cells were found. This indicated a higher percentage
of M2-polarized macrophages within the MCTM constructs, which reflects the GBM in
Vivo scenario, suggesting cancer cell-mediated MON profile modulation and correlating
with the disease poor survival [86]. TAMs tend to be polarized into a M2 phenotype in
the GBM TME [87], suggesting that both U-251 MG tumor cells and ECs promoted the

differentiation of naive macrophages into a pro-tumor anti-inflammatory state. For the
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non-nanoparticulate free DTX group, it was possible to observe a decreasing trend in
the percentage of CD206 and CD163 positive cells compared to the untreated control
(30% versus 50%, and 5% versus 15%, respectively). Whereas, the level of CD86
positive cells was similar to the untreated control (around 20%). This result was not
unexpected since a very low 0.0045 uM subcytotoxic DTX dose was used, alongside
with a treatment period of only 48 h. Nevertheless, previous studies support our findings
by reporting the polarization of human peripheral MONs-differentiated macrophages into
a M1 phenotype after DTX treatment, although for a drug dose of at least 0.1 uM [88].
Besides providing an immunomodulator effect through alterations in TAMs polarization,
DTX is also reported to contribute to an anti-tumor immunity via suppression of myeloid-
derived suppressor cells (MDSCs) [89], and regulation of the natural killer (NK) and T
regulatory (Treg) TME cell populations [90]. DTX-loaded H-NPs, in turn, caused a
decreasing trend in the percentage of CD206 and CD163 positive cells, and an
increasing trend in the percentage of CD86 positive cells, compared to the untreated
control (30% versus 50%, 5% versus 15%, and 30% versus 20%, respectively). The
effect of DTX-loaded H-NPs on macrophage polarization was, thus, similar to the non-
nanoparticulate free DTX group, and suggested immune cell modulation towards a more
anti-tumor and pro-inflammatory macrophage phenotype. Interestingly, unloaded H-NPs
seemed to also provide an effect on macrophage polarization per se. These unloaded
NPs showed a decreasing trend in the percentage of CD206 and CD163 positive cells,
and an increasing trend in the percentage of CD86 positive cells, with average values
similar to DTX-loaded H-NPs (35% versus 30%, 5% versus 5%, and 20% versus 30%,
respectively). However, no significant differences were found, thus, these results
deserve careful interpretation and further research. Overall, these findings suggested
that both DTX and H-NPs play a role in the polarization shift of the GBM MCTM naive
macrophages from a M2 anti-tumor to a M1 pro-tumor phenotype, despite the TME

tumorigenic influence of co-cultured tumor cells and ECs.
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Figure 9. Macrophage polarization status of the triple-culture GBM MCTMs after
treatment. The CD14* macrophage population of MCTMs was analyzed for the
expression of CD206 and CD163 (M2 markers), and CD86 (M1 marker), as percentage
of positive cells and MFI, after incubating the triple culture MCTS with cell culture medium
(untreated), unloaded H-NPs, free DTX and DTX-loaded H-NPs for 48 h.

3.7 Biomolecular signature

A complex signaling crosstalk between tumor, immune system and stromal cells is a
hallmark of the GBM TME, leading to disease progression and invasion, immune evasion
and resistance to therapy [91]. Since previous macrophage polarization data was
partially inconclusive, we proceeded with a complementary assessment of the potential
of the GBM MCTM to mimic the in vivo scenario. Thus, we investigated the biomolecular
signature of GBM MCTMs after different treatments through analysis of secretion of an
array of key signaling mediators that are involved in the tumor-macrophage-EC interplay,
namely IFN-y, IL-183, IL-1Ra, IL-6, IL-8, TGF-B, TNF-a and MCP-1. Although the GBM
TME is vast and only partially represented by our MCTM, we will focus on the secretion
and effect of these specific signaling mediators on the MCTM cellular components, and

direct modulation of some of the principal TME immune cells (Figure 10A). The ability
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of the MCTM to secrete these signaling mediators per se was validated (untreated
control), and alterations in secretion levels after 48 h treatment with unloaded H-NPs,
free DTX and DTX-loaded H-NPs were analyzed (Figure 10B).

Secretion levels of all cytokines - IFN-y, IL-1B3, IL-1Ra, IL-6, IL-8, TGF-3, TNF-a and
MCP-1 - were successfully detected in the supernatant of the GBM MCTM (Figure 10B).
According to literature, GBM cells secrete IL-8 and MCP-1 to recruit and promote the
infiltration of TAMs, a group of pro-tumor cells composed mainly by peripheral MONSs,
but also microglia [6, 92]. This leads to a local increase in the levels of TGF- and IL-6,
responsible for GBM invasion, progression and immune evasion [93]. Among other pro-
tumor roles, these cytokines are involved in the glial-to-mesenchymal transition of GBM
cells, which is a mechanism by which the tumor acquires chemotherapy and radiotherapy
resistance [94-96]. On the other hand, TAMs secrete TNF-a in order to trigger the
activation of GBM TME ECs, thus favoring tumor progression via neovascularization and
angiogenesis, ultimately supporting tumor stemness [92]. As such, high levels of TNF-a
in GBM are often considered a predictor of worse response to anti-angiogenic
bevacizumab therapy. ECs, in turn, are a major source of angiocrine IL-6 within GBM,
supporting the polarization of TME peripheral MONs and microglia into a M2 pro-tumor
TAMs phenotype [97]. IL-6 is, moreover, directly associated with vascular formation in
GBM via the PKC pathway [98, 99], and correlated with the VEGF and COX-2 angiogenic
factors [100]. ECs also secrete IL-8 that acts on GBM cells as a critical mediator of tumor
invasion in the perivascular niche via vascular sprouting, being involved in tumor growth
and cancer stem cell upregulation [101]. As part of the immune system, NK cells are one
of the most important anti-tumor key players in the GBM TME. These cells not only
present a unique capacity to Kill aberrant cells associated with oncogenic transformation
independently of T cells, but also empower T cell responses against the tumor [102].
Due to the highly immunosuppressive nature of the GBM TME, several mechanisms of
NK cell suppression are activated, such as through direct inhibition by TAMs or TGF-3
secretion by tumor cells [103]. Another TME immunosuppressive mechanism is based
on the stimulation and induction of Tregs by GBM cell-secreted TGF-f and MCP-1,
alongside with TAMs. Importantly, Tregs constitute the predominant immunosuppressive
cell population within GBM [103, 104]. Specifically, Tregs inhibit the antigen-presenting
capacity of dendritic cells (DCs) and promote the suppression of T cell activity, hence
resulting in a lower anti-tumor cytotoxicity of effector T cells (Teff) [103]. Teff are also
inhibited by MDSCs, whose recruitment and expansion are triggered by TGF-(3, IL-1p,
IL-6 and IFN-y secreted by GBM cells [103]. Within the GBM TME, the infiltration and
activation of tumor-associated neutrophils (TANS) in a process mediated by tumor cell-

secreted MCP-1, IL-8 and TNF-q, is a marker of poor glioma prognosis — TANs seem to
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interplay with TAMs to support tumor growth, although the exact mechanisms are still
unclear [105]. Lastly, though its precise role also remains unclear, IL-1ra has been
implicated in GBM progression due to its capacity to block growth-inhibiting autocrine
loops of IL-1 [106] [107].
After 48 h treatment, at a drug dose of only 0.0045 uM, both free DTX and DTX-loaded
H-NPs caused a significant decrease in the secretion levels of IFN-a, IL-18 and IL-6
compared to the untreated group, which was not observed for the unloaded H-NPs. This
suggests an active role of the DTX in reducing the concentration of these tumor-
stimulating cytokines within the MCTM, which presents promising insights regarding the
anti-tumorigenic type of immune response that this drug is able to provide in the context
of GBM. Interestingly, for IL-1Ra, IL-8 and TGF-[3, significantly reduced secretion levels
were observed for MCTMs treated with DTX-loaded H-NPs, which was not provided by
free DTX. Moreover, for IFN-a, a more pronounced decrease in secretion levels of this
cytokine was observed for DTX-loaded H-NPs, compared to free DTX. These results
suggested the ability of H-NPs to serve as a vehicle to potentiate the anti-tumorigenic
type of immune response associated with DTX. This was attributed to the higher DTX
delivery efficiency to MCTMs provided by H-NPs, as evidenced by an enhancement of
cell uptake by H-NPs (Figure 7), hence resulting in a faster modulation of cytokine
secretion over a 48 h treatment period. In addition, for IL-1Ra, unloaded H-NPs reduced
the cytokine levels similarly to DTX-loaded H-NPs, suggesting an active role of H-NPs
on the modulation of this cytokine secretion per se. Future studies are required to
understand the mechanism behind this, which still remains to be determined. Lastly,
none of the treatment groups altered the secretion levels of TNF-a and MCP-1, which
mainly act as chemoattractants within the GBM TME, thus indicating that these cytokines
are not a DTX target per se. It of important note that the TME is orchestrated by a
complex milieu of cytokines that present pleiotropy according to each tumor type, thus
comparison of DTX effect on cytokine secretion levels is not appropriate if out of the
GBM scope [108, 109]. Moreover, to the best of our knowledge, and since DTX does not
belong to the GBM standard of care, no literature data is available for comparison
regarding the effect of DTX on the secretion of the panel of cytokines herein analyzed.
Nevertheless, our findings present promising insights on the immune response triggered
by DTX chemotherapy in GBM, and evidence the capacity of H-NPs to boost this
response, which might be useful for future GBM local therapies. Finally, the effect of DTX
on cytokine secretion is highly dependent on the drug dose and exposure time, therefore,
our findings should be taken into consideration for the herein specific experimental
conditions [88, 110].
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Figure 10. Analysis of the biomolecular signature of triple-culture GBM MCTMs after
treatment with cell culture medium (untreated), unloaded H-NPs, free DTX and DTX-

loaded H-NPs for 48 h. A) Schematics of the herein analyzed key regulatory mediators
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(and cell-cell interactions) that interconnect tumor cells, macrophages and ECs within

the GBM TME. B) Analysis of secretion of an array of signaling mediators that are

involved in the tumor-macrophage-EC interplay. Statistical comparison between the
different testing groups. *p<0.05, **p<0.01, or **p<0.001.

4. CONCLUSION

In this study, we have successfully developed a human GBM MCTM spheroid model
constituted by three key cell populations of the GBM TME, namely U-251 MG tumor cells,
macrophages differentiated in situ from blood peripheral MONs and brain microvascular
primary ECs. The triple-culture GBM MCTMs demonstrated the capacity to mimic cellular
and structural features of the tumor, such as cell spatial organization, intrinsic production
of ECM, formation of necrosis areas, and a predominant pro-tumor and anti-inflammatory
M2-like macrophage phenotype. The triple-culture GBM MCTM model was further
exploited regarding its capacity to serve as an in vitro screening tool for drugs (DTX) and
nano-therapeutics (DTX-loaded non-targeted mPEG NPs versus tumor-targeted H-
NPs). The strategy used in the manufacture of tumor-targeted DTX-loaded H-NPs
consisted of a straightforward surface functionalization of the particles with His, which is
able to recognize and bind the tumor-overexpressed LAT1. DTX-loaded H-NPs provided
8- and 3-times higher MCTM cell uptake and anti-proliferative effect, respectively,
compared to the non-targeted NP counterpart and free DTX. Moreover, DTX-loaded H-
NPs reduced the expression of anti-inflammatory macrophage markers, while increasing
the levels of expression of pro-inflammatory macrophage markers, suggesting
reeducation of the tumor immune microenvironment. Accordingly, DTX-loaded H-NPs
caused a reduction in the secretion of an array of cytokines by MCTMs, with a well-
known role in the pro-tumor immunity (IFN-y, IL-1B, IL-1Ra, IL-6, IL-8, TGF-B).
Altogether, the triple-culture GBM MCTM herein developed mimics, in a comprehensive
manner, the tumor cell-macrophage-EC interplay within the GBM TME. By contributing
to a better recapitulation of the bioarchitecture and composition of the native tumor, the
triple-culture GBM MCTM model consists of a promising in vitro technology to dissect
therapeutic resistance mechanisms of GBM tumors, and to ameliorate the robustness of

preclinical findings and in vivo predictability potential.
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Figure S2. Characterization of average size, PDI and zeta-potential of unloaded mPEG
NPs and H-NPs.
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Figure S3. Flow cytometry analysis of cell internalization of mMPEG NPs and H-NPs
assembled from 5%, 10% or 20% PLGA-PEG-His into U-251 MG GBM cells. MFI values
were normalized to the unstained control. Statistical comparison of H-NP groups with
mMmPEG NPs. **p<0.001.
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Figure S4. Evaluation of the effect of unloaded NP formulations on the proliferation of
triple-culture GBM MCTMs cells. A) The left panel presents metabolic activity levels after
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like boost treatment of 12 h, integrated in an assessment period of incubation of 96 h.

Table S1. AE and LD values for the developed DTX-loaded NP formulations.

DTX-loaded NP formulation AE (%) LD (%)
mPEG NPs 30.01 +5.09 1.55+0.12
H-NPs 31.08 +4.01 1.58 £ 0.22
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1. GENERAL DISCUSSION

The lethal course of glioblastoma (GBM), characterized by a median survival time of only
15 months from diagnosis, urges the need to develop new therapeutic approaches with
a higher efficacy, and new in vitro tools to accelerate the in vitro testing and translation
of novel drugs. One the one hand, for the development of new therapeutic approaches,
it is crucial to design systems with capacity to efficiently surpass the blood-brain barrier
(BBB), which represents a significant hurdle for drug delivery to the brain. Moreover, it is
also important to design systems with simultaneous capacity to precisely target the tumor
cells of the brain in order to increase drug therapeutic indices. To accomplish both of
these unmet needs, responsible for the failure of recent late-phase clinical trials, this
work proposes BBB and tumor multi-targeted nanoparticles (NPs) with BBB-stimulus
responsiveness to deliver docetaxel (DTX) to GBM as a model chemotherapy. By
exploiting the overexpression of the low-density lipoprotein receptor (LDLR) and L-type
amino acid transporter 1 (LAT1) in BBB and GBM cells, respectively, these stimulus-
responsible NPs induce processes of drug intracellular trafficking and transport at the
targeted sites. One the other hand, the development of new in vitro tools to support GBM
drug testing requires high-throughput co-culture of tumor microenvironment (TME)-
representative cell types with capacity to recapitulate the native features and complexity
of the tumor. In sum, this doctoral thesis gathered together the areas of chemistry,
materials science, pharmaceutical nanotechnology, cancer biology and cancer clinics, to
create innovative anti-GBM strategies, based on (i) a stimulus-responsive intravenous
nano-chemotherapy, and (ii) a 3D tumor microtissue-mimicking model.

Regarding the stimulus-responsive nano-chemotherapy (CHAPTER Ill), polymeric
conjugates modified with either a L-Histidine amino acid (His) or acid-cleavable
Angiopep-2 peptide (ANG2) moieties were chemically synthesized to serve as matrix of
the proposed stimulus-sensitive NPs. Techniques such as *H NMR, FTIR and MALDI-
TOF MS confirmed the successful chemical reactions, which presented conjugation
efficiency values of more than 85%. NPs loaded with DTX were manufactured through a
continuous-flow microfluidic technique, and presented a size range between 300 to 400
nm, 0.3 polydispersity index, and -35 to -25 mV zeta-potential. Although this size (>300
nm) if often seen as a limitation in what concerns BBB crossing ability, key literature
references have demonstrated that this assumption is questionable. Studies conducted
by Brown et al. [1], and also other authors [2-5], proved that, depending on the NP
composition, 500 nm NPs might be actually able to transit across the BBB as efficiently

as 100 nm NPs if undergoing receptor-mediated transport mechanisms. Thus, the
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average size from 300 to 400 nm of the NPs herein produced was not foreseen as a
potential drawback, since the NPs exploit the BBB-overexpressed LDLR to undergo
blood-to-brain transport.

The first step of validation focused on the NPs functionalized only with His (H-NPs), for
tumor targeting via LAT1. In vitro studies not only presented testing results in
conventional GBM cell lines, but also in patient-derived GBM cells obtained from the
tumor invasive margin of resected tissue. This GBM invasive margin (GIN) cells are
crucial tools for in vitro testing since they are a molecular snapshot of the recurrent tumor,
and highly resistant to chemotherapy. In U-87 MG, U-251 MG and U-373 MG cell lines,
cell internalization of the NPs was increased by 3-fold through the use of the His targeting
moiety. In GIN cells, this increase was even higher, of around 12-fold. As a control, non-
tumor healthy astrocytes were used, and presented only basal levels of cell
internalization of H-NPs. Then, GIN cells, in both 2D monolayer and 3D tumor spheroid
settings, were assessed for metabolic activity inhibition. Here, H-NPs provided an
enhance in metabolic activity inhibition by up to 2-fold. An in vivo trial was performed to
confirm the therapeutic efficacy of H-NPs. A U-87 MG orthotopic GBM mice model was
chosen, magnetic resonance imaging (MRI) assessments performed to evaluate
appropriate tumor development, and animals were intratumorally administered
(corresponding to 2 pg DTX per brain). The median survival was considerably improved
by DTX-loaded H-NPs (46.5 days) compared with the untreated (30 days), DTX-loaded
non-functionalized NPs (33.5 days), and free DTX (38 days) groups. Moreover, H-NPs
resulted in a higher number of long-term survivors at 60 days (37.5% versus 0% for non-
functionalized NPs) and 120 days (12.5% versus 0% for both non-functionalized NPs
and free DTX). These findings offered robust evidence that, once inside the brain
parenchyma, H-NPs boost the chemotherapeutic effect of DTX and provide an in vivo
therapeutic benefit.

Apart from the His surface madification for tumor targeting, the second step of validation
consisted of adding an acid-cleavable ANG2 surface moiety for enhanced NP shuttling
from blood to brain (H-CL-ANG2-NPs). In a conventional hCMEC/D3 BBB in vitro model,
H-CL-ANG2-NPs doubled the BBB permeation ability compared with H-NPs. In vivo, in
a healthy mice model with an intact BBB, brain accumulation of H-CL-ANG2-NPs
reached approximately 4-times higher values than H-NPs. Another in vivo trial was
performed to confirm the therapeutic efficacy of H-CL-ANG2-NPs. An U-87 MG
orthotopic GBM mice model was chosen, MRI assessments evaluated appropriate tumor
development, and animals were intravenously administered (2 mg kg*, every 3 days,
total of 5 injections). The median survival of the animals (54 days) presented a significant

improvement compared with the untreated group (37 days), free DTX (43 days), DTX-
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loaded non-functionalized NPs (38 days), DTX-loaded H-NPs (40.5 days), and DTX-
loaded NPs functionalized with His and a non-cleavable ANG2 control moiety (41 days).
Moreover, H-CL-ANG2-NPs presented an increase of more than 50% in the number of
long-term survivors (at 60 days). Regarding the evaluation of systemic toxicity caused
by the treatment, no significant alterations were found in mice body weight, organ weight
coefficients, histological analysis (heart, liver, lungs, spleen, kidneys), hematologic
parameters (blood total cell count), and blood biochemistry markers (blood urea nitrogen,
creatinine, albumin, aspartate aminotransferase, alanine aminotransferase, total bilirubin
and total protein), in comparison with the untreated animals.

Overall, these findings presented strong evidence that both the acid-cleavable properties
of the ANG2 moiety and the presence of the His moiety in the stimuli-responsive
multifunctional NPs herein proposed are paramount to achieve higher BBB permeation
and targeting of GBM cells, respectively, resulting in a potent anti-cancer effect. Although
the DTX dose used in in vivo studies were considerably lower (2 mg kg?) than the doses
reported by other authors (7.5 to 10 mg kg™ [6-8]), the final NP prototype was still able
to provide a prominent anti-GBM effect. In order to understand the therapeutic advantage
of this final NP prototype compared with nanosystems previously reported by other
authors, a review of literature of the past 10 years was performed. By pre-selecting works
based on the use of the same GBM animal model herein assessed (U-87 MG) and dual-
targeting (BBB and GBM), the maximum values of median survival were 45 days [9], 25
days [10], 35 days [11-14] and 40 days [15-17], significantly lower than the median
survival obtained for the proposed NP prototype (54 days). The BBB and GBM dual-
targeted system (lacking BBB responsiveness) developed by Zhu et al. reached 53 days
median survival, but using a DTX dose 4-times higher than the one herein administered
(2 versus 7.5 mg kg?) [8]. This literature review confirmed the therapeutic advantage of
the proposed NP prototype, and the promising potential of this nano-chemotherapy to

increase the survival of GBM patients in a clinical setting in the future.

Regarding the 3D tumor-mimicking model (CHAPTER 1V), a GBM multicellular tumor
microtissue (MCTM) was developed by co-culturing in high-throughput agarose micro-
molds, U-251 MG GBM cells, macrophages derived from hospital buffy coats-isolated
peripheral monocytes (MONS), and brain microvascular primary endothelial cells (ECs).
The MCTM presented a spheroid-like structure of around 500 um diameter, maintenance
of cell viability per se over 7 days, areas of necrosis reassembling the native tumor, and
endogenous production of extracellular matrix (ECM). H-NPs loaded with DTX,
previously reported, were used as a model nanomedicine to assess the ability of the

GBM MCTM to respond to chemotherapy. Compared with non-functionalized NPs and
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the free drug, H-NPs provided an enhancement in MCTM cell uptake and cytotoxicity of
up to approximately 9- and 4-fold, respectively. The immune environment of the GBM
MCTM was characterized by a predominant pro-tumor M2-macrophage phenotype. The
treatment with DTX-loaded H-NPs tended to slightly decrease the pro-tumor M2-
macrophage markers within the MCTM, while increasing the anti-tumor M1 counterparts.
Through analysis of the secretion of a panel of medium cytokines, it was possible to
observe that the treatment with DTX-loaded H-NPs also provided a slight decrease in
the levels of cytokines associated with a pro-tumor role (e.g. IL-1B, IL-6, IL-8 and TGF-
B).

Altogether, this work allowed the development of a novel triple-culture GBM MCTM with
ability to mimic, in a comprehensive manner, the tumor cell-macrophage-EC interplay
within the GBM TME. Compared with literature data, the model herein proposed presents
an upgrade towards more humanized in vitro GBM technologies regarding the human
and primary cell sources, as well as the inclusion of three of the most representative
GBM cell types - previously reported 3D cell culture systems only combined GBM cells
with either macrophage cell lines or ECs [18-21]. Therefore, the proposed GBM 3D in
vitro model recapitulates in a more biologically relevant manner the bioarchitecture and
composition of the native tumor, presenting a promising disease modeling tool to dissect
therapeutic resistance mechanisms, ground robust preclinical findings and offer a
reliable in vivo predictability.

2. FUTURE PERSPECTIVES

Regarding the stimulus-responsive NPs, future perspectives include to corroborate the
in vivo efficacy studies using a new cohort of animals. Moreover, due to the challenges
of histological analysis faced in in vivo studies presented in Chapter I, a later endpoint
should be chosen for brain excision and analysis of key makers of tumor progression
and treatment effectiveness (e.g. cleaved caspase-3 and Ki67). It is also envisaged to
perform quantification studies of DTX in brain and other major organs through mass
spectrometry techniques to map drug biodistribution with higher precision. As another
method of in vivo validation, different models need to be exploited to test the efficacy of
the stimulus-responsive NPs. Firstly, even though an immunocompromised mice model
was selected due to the possibility of development of a human tumor xenograft, a shift
to an immunocompetent mice model should be considered. Immunocompetent models
present a more accurate representation of the clinical scenario, including the impact of

immune cells on the efficacy of the NPs [22]. An example of a well-reported
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immunocompetent mice model is the GL261 [23, 24]. Another interesting in vivo model
consists of canine spontaneous GBM, which presents a higher level of similarity with the
human disease compared with small rodent models, and provides a large animal model
system for a more realistic validation of the NPs [25]. To foster translation, future studies
should also address the amelioration of the loading degree of the developed NPs (current
value of only approximately 1.5%) to reduce productions costs. Although the NPs were
manufactured through a microfluidic approach, which is known to possess capacity to
scale up the batch size and provide high-throughput production of nanosystems [26],
production parameters should be tuned and optimized to improve the final
physicochemical characteristics of the formulation. In light of this and to prevent the
possibility of future manufacture constraints in-house, a collaboration has been
established with MyBiotech (Germany), a contract development and manufacturing
organization (CDMO), to benefit from specialized microreactor technologies to achieve
a highly reproducible up-scaling, cost- and environmental-friendly production of the DTX-
loaded NPs, while still maintaining the quality of the existing lab-scale formulation [27-
29]. To reduce production costs and considering the versatility of the herein used
chemical strategies, other BBB and GBM targeting ligands might be screened for
targeting efficiency in order to endow NPs with even a more powerful therapeutic effect.
The T7 peptide is an example of an alternative ligand for the BBB-overexpressed
transferrin receptor, whereas a fucoidan surface decoration could be explored to target
the GBM-overexpressed P-selectin [30, 31]. Versatility also characterizes the loading
ability of the proposed stimulus-responsive NPs — herein, DTX was used as a model
chemotherapy, but several other therapeutic cargos might be exploited in the context of
GBM therapies. These cargos can include the standard of care temozolomide
chemotherapy, or prospective antibody drugs [32] and RNA therapeutics [33] —
Appendix Il presents an exploratory study that was already pursued to preliminarily
assess the suitability of the developed NPs to encapsulate protein-based therapeutics in
future approaches. Lastly, as the proposed stimuli-responsive NPs presented an
enhanced blood-to-brain trafficking and tumor targeting, it is foreseen that the NP
prototype might also be therapeutically advantageous in clinical cases of lower

aggressiveness tumor models, such as brain metastasis and lower-grade gliomas.

In what concerns the 3D tumor-mimicking model, the first logical future step is the
implantation of the GBM MCTM in vivo, in order to unravel the dynamics of tumor growth
and evaluate the retention of its architectural features over time [34]. Since in vivo mice
models present limited capacity of mimicking human physiology, the implantation of this

humanized MCTM could better capture the human GBM scenario. In the perspective of
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amelioration of the GBM MCTM, one of the limitations of the model is its inability to use
the cultured ECs to form vasculature tubular structures as the highly angiogenic tumor
native tissue. Thus, it would be of great importance to embed the GBM MCTM within a
hydrogel with capacity to stimulate and support EC sprouting [35, 36], hence upgrading
the model to a prevascularized tissue. For a more reliable representation of the human
GBM, future work should focus on the inclusion of the GBM MCTM into a continuous-
flow blood-mimicking model with structural and physical influence of the BBB. To achieve
this, one possible approach is to recreate the BBB-GBM TME in a fluid-dynamic
microfluidic chip where the GBM MCTM could be cultured in close contact with a BBB
endothelial cell layer [37]. Lastly, the developed GBM MCTM grounds the basis for more
complex 3D cellular structures, with co-culture of additional cell populations. For
instance, the inclusion of neurons would be of great benefit to study the hijacking of
neuronal mechanisms by GBM cells to fuel brain invasion [38]. Pericytes consist of
another interesting cell population to be included in the GBM MCTM since these cells
contribute to tumor progression through a variety of mechanisms, including the support
of angiogenesis, and have been seen as potential targets for therapeutic interventions
[39].

As a concluding remark, the work developed under the scope of this doctoral
thesis paved the way towards the transition from bench to the bedside of two
distinct and powerful tools to manage the GBM burden: (i) a cutting-edge stimulus-
responsive nanomedicine to efficiently deliver therapeutic cargos across the BBB
and target tumor cells, and (ii) a novel GBM 3D in vitro model to accelerate the

translation of newly developed anti-cancer nanomedicines.
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ABSTRACT

Formulating protein therapeutics into nanoparticles (NPs) of poly(lactic-co-glycolic acid)
(PLGA) provides key features such as protection against clearance, sustained release
and less side effects by possible attachment of targeting ligands. These NPs also offer
the potential for protein combination therapy, which is expected to exploit synergetic
bioresponses, avoid multiple dosage regimens and consequent mis-dosing. Since the
conventional manufacture of protein-loaded PLGA NPs is still associated with low-
throughput, new continuous manufacturing methods such as microfluidics have been
established. Herein, PLGA NPs continuously manufactured through microfluidics are
proposed for co-formulation and -delivery of two model proteins consisting of bovine
serum albumin (BSA) conjugated to either fluorescein (FITC) or tetramethylrhodamine
(TRITC) isothiocyanates. Protein co-formulated NPs of 100 nm, monodispersed and with
70% of association efficiency were obtained. The microfluidic setup allowed a production
rate of around 7 g of particles per day and demonstrated scale-up capacity. Model
proteins were released in a controlled manner and without significant changes in their
secondary structure. Studies in macrophage-like cells proved that protein co-formulated
PLGA NPs did not impair the metabolic activity of these cells (>70%). This work has
demonstrated the effectiveness of continuously manufactured PLGA NPs for co-
formulating and co-delivering model proteins, providing a proof-of-concept foundation for

future protein combination nanotherapies.

KEYWORDS

Co-delivery; Co-formulation; Microfluidics; PLGA nanoparticles; Protein combination

therapy; Protein therapeutics.
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1. INTRODUCTION

The protein therapeutic market is an important segment of the pharmaceutical industry
and is anticipated to be worth $230 billion by 2021 [1]. The exponential growth of this
market is correlated with the superior therapeutic performance over small-molecule
drugs, which is due to higher bioactivity and specificity [2]. Protein-based therapeutics
have therefore been widely investigated for the treatment of various diseases, with more
than 200 Food and Drug Administration (FDA)-approvals for clinical use since 1980 [3].
Although proteins hold great potential as therapeutics, their delivery poses a significant
challenge. Protein therapeutics are highly affected by physiological conditions, which
may compromise their stability and trigger their proteolytic degradation, opsonization, as
well as complexation with biologic products leading to conformational changes and
consequent loss of function [4]. Moreover, lipophilic cell membranes restrict the passage
of proteins with intracellular targets, which are subject to challenges in interacting with
cells and accessing sub-cellular compartments [5]. As a result, protein therapeutics can
be diverted away from their target, resulting in side effects emerging from off-site
accumulation and the need for repeated administrations. Polymer-based nanoparticles
(NPs) have been identified as a promising strategy to circumvent these drawbacks by
offering a protective vehicle for the formulation of protein therapeutics. This is because,
they have been found to prevent the rapid clearance of the protein therapeutics whilst
providing their controlled release over time [6, 7]. The FDA-approved poly(lactic-co-
glycolic acid) (PLGA) polymer is the most widely utilized polymer for protein therapeutic-
loaded NPs with biodegradable and biocompatible properties [8]. PLGA is a surface-
functionalizable polymer that allows further attachment of a variety of targeting ligands,
which are key to inducing higher accumulation of the NPs at the target site, therefore
reducing potential side effects [9]. However, conventional bulk processes for synthesis
of protein therapeutic-loaded PLGA NPs are often related to slow- and low-throughput,
unsuccessful association efficiency and lack of batch-to-batch consistency [10, 11].
These pitfalls are being overcome by the rapid development of continuous manufacturing
methods such as microfluidics that offer the possibility of precisely control the particle-
formation environment and enable the production of PLGA NPs with tunable
physicochemical characteristics and higher drug loading capacity, as well as
monodisperse batches [12-14]. Microfluidics also allows a reproducible, time-saving up-
scale manufacturing of NPs, which is crucial to reach industrial and clinical batch sizes
[15].

Another challenge with manufacturing protein therapeutic-loaded PLGA NPs is the harsh
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environment encountered when employing the double emulsion systems commonly
used in the formulation process. The shear stress inherent to the immiscibility of the
phases involved in these systems leads to the interfacial adsorption of proteins, which is
the major cause of their denaturation [16, 17]. Typical nanoprecipitation-based
processes would be more appropriate due to the absence of oily-aqueous interfaces,
although they are mostly designed for the formulation of highly hydrophobic cargos [18].
Some authors have introduced modifications in the nanoprecipitation process to
accomplish the formulation of hydrophilic compounds into hydrophobic polymeric
matrices, however, these modifications generally require more complex co-solvent
systems [19-24].

The development of PLGA NPs for protein delivery has made notable advances, while
their potential to co-formulate protein therapeutics and perform combination therapy is
yet to be fully investigated. Co-formulation of multiple therapeutics into polymeric NPs is
expected to simplify delivery to patients by reducing multiple dosage regimens, achieve
synergetic bioresponses by tuning the ratio of the loaded cargos, as well as to provide a
simultaneous targeting to multiple therapeutic active sites [25]. Combination therapy may
be particularly useful for multi-cytokine treatments, since immune responses trigger
several biochemical cascades in which many molecular networks need to be targeted
simultaneously [26].

Bovine serum albumin (BSA) is an ideal protein candidate for preliminary model studies
due to its relatively high molecular weight (around 66.5 kDa) and economical price point
[27]. The conjugation of fluorochromes as either fluorescein (FITC) or
tetramethylrhodamine (TRITC) isocyanates with BSA is well known to significantly
change its physicochemical properties, which produces fluorochrome-dependent protein
profiles [28]. For example, protein solubility can be considerably altered by the labelling
fluorochrome, due to a net-increase in the total number of attractive sites in the protein-
fluorochrome system, as reported by Quinn et al. [29]. Therefore, BSA-FITC and BSA-
TRITC can be distinguished from each other and from the unlabelled BSA with respect
to their physiochemical characteristics and used as two different model proteins, to study
continuous manufacturing and encapsulation into polymeric NPs.

This study reports PLGA NPs for all-in-one co-formulation and -delivery of two models
of protein therapeutics consisting of BSA-FITC and BSA-TRITC. The study addresses
continuous manufacturing by investigating a microfluidic modified-nanoprecipitation
technique for the production of protein co-formulated PLGA NPs, with further

assessment of their impact on the viability of macrophage-like cells.
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2. MATERIALS AND METHODS

2.1 Materials

The X-junction microfluidic device (Quartz Droplet Junction Chip, 190 pm etch depth)
was acquired from Dolomite (Royston, UK). BSA-FITC, BSA-TRITC, Tween®-80, sodium
chloride, phosphate buffered saline (PBS), phorbol 12-myristate 13-acetate (PMA) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were acquired from
Sigma-Aldrich (St. Louis, MO, USA); acetone from Thermo Fisher Scientific (Waltham,
MA, USA); high glucose with ultraglutamine Dulbecco's Modified Eagle medium (DMEM)
from Lonza (Basel, Switzerland); Triton X-100 from Spi-Chem (West Chester, PA, USA);
and fetal bovine serum (FBS) and penicillin-streptomycin from Gibco (Waltham, MA,
USA). Acid-terminated PLGA polymer (50:50 lactic to glycolic ratio, molecular weight of
10 kDa) was kindly provided by Dr Mohammad Al-Natour and its synthesis was
described elsewhere [30].

The human monocytic leukaemia THP-1 cell line was purchased from ATCC (Manassas,
VA, USA).

2.2 Nanoparticles manufacturing and process optimization

The organic phase used for the microfluidic manufacturing of the NPs consisted of a
mixture of PLGA in acetone, for which the concentration was optimized between 0.25%
and 1% w/v. The agueous phase, in turn, was kept as a 2% wi/v solution of Tween®-80,
and both BSA-FITC and BSA-TRITC were added to this phase to obtain protein-loaded
PLGA NPs. For the BSA-FITC and BSA-TRITC individual formulation, a concentration
of 33 pg/mL and 67 ug/mL of BSA-FITC and BSA-TRITC in the 2% wi/v solution of
Tween®-80, respectively, was used. Whereas, for the BSA-FITC and BSA-TRITC co-
formulation, a concentration of 25 pg/mL and 8 pg/mL of BSA-FITC and BA-TRITC in
the 2% w/v solution of Tween®-80, respectively, was used. The microfluidic chip
displayed a three-inlets X-layout, in which the organic and aqueous phases were injected
through the central and the two outer inlets, respectively (Figure 1). The total flow rate
was varied from 25:75 to 500:1500 uL/min regarding the organic:aqueous phases. Each
experiment was conducted until 10 mg of PLGA NPs were produced (equivalent to 2 min
run time using the final flow rate conditions). NPs were washed three times with ultrapure
water and recovered by ultrafiltration using Amicon Ultra-15 Centrifugal Filter units
(Merck Millipore, Billerica, MA, USA) with a molecular weight cut-off (MWCO) of 100 kDa.
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2.2.1 Scale-up experiment
A scale-up experiment was performed in relation to the mass of PLGA in the final batch

of unloaded NPs. The batch size was scaled 5- and 25-times, corresponding to a final
mass of PLGA of 50 mg and 250 mg, respectively.

FLOW

@ BSA-FITC
@ BSA-TRITC

Protein co-formulated
PLGA nanoparticles

Figure 1. Schematic representation of the microfluidic setup.

2.3 Characterization of nanoparticles

2.3.1 Mean patrticle size, size distribution and surface charge

NPs were characterized for their average size (Z-average) and polydispersity index (PDI)
by dynamic light scattering (DLS), and zeta-potential (-potential) through laser Doppler
anemometry (LDA), using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments
Ltd., Worcestershire, UK). For these measurements, samples were diluted (1:100) in an

ionic solution of 10 mM sodium chloride.

2.3.2 Association efficiency

The amount of loaded BSA-FITC and BSA-TRITC was directly quantified in order to
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determine the association efficiency (AE) of the developed nanosystems. The calculation

of AE followed Equation (1) [31].

Quantified loaded mass of BSA
Initial mass of BSA

AEgsa (%)= %100 1)

The amount of loaded BSA-FITC and BSA-TRITC was spectrophotometrically quantified
after the extraction of the proteins from the matrix of the NPs according to a protocol
adapted from [32]. Briefly, the protein-loaded NPs were treated with a solution of 3 M
NaOH for 24 h at 100 rpm in an orbital shaker (Thermo Scientific, Madison, WI, USA), to
promote the disaggregation of the polymeric matrix and release of the associated BSA-
FITC and BSA-TRITC. The suspension was then sonicated for 1 h and centrifuged at
14,000 rpm for 15 min (Hermle Z 300, Hermle Labortechnik GMBH, Wehingen, DE). The
supernatant was filtered through a 0.22 uym syringe filter (Millex® GP, Millipore, Bedford,
MA, USA). The absorbance of the filtrate was read in a Varian Cary® 50 Bio UV-VIS
Spectrophotometer (Agilent Technologies, Stockport, UK) at 488 nm and 543 nm for the
detection of BSA-FITC and BSA-TRITC, respectively.

2.3.3 Morphology

The morphological features of the NPs were analyzed by transmission electron
microscopy (TEM) using a Philips Tecnai BioTwin-12 microscope (FEI, Eindhoven, NL)
at an accelerating voltage of 120 kV. Images were recorded using a Gatan SIS Megaview
IV digital camera (Gatan Inc., Warrendale, PA). Samples were prepared by dropping 20
uL of the suspension of the NPs onto a 300-mesh copper grid and negatively-stained
with 20 pL of 1% wi/v uranyl acetate.

2.4 In vitro release study

To investigate the in vitro protein release profile, PLGA NPs formulated with BSA-FITC
(55 mg) and BSA-TRITC (55 mg) or co-formulated with BSA-FITC and BSA-TRITC (140
mg) were dispersed in PBS, pH 7.4, to reach the total volume of 2 mL. The samples were
then stirred at 37 °C and 100 rpm in an orbital shaker incubator (Incu-Shake MINI,
SciQuip, Staffordshire, UK). Aliquots of 1 mL were collected at specific time points (0.25,
0.5,0.75, 1,15, 2, 2.5, 3, 4, 5 and 24 h) during the assay, and the withdrawn volume
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was replaced with pre-heated PBS, pH 7.4, to maintain sink conditions. All the collected
aliquots were centrifuged at 14,000 rpm for 15 min, and the spectrophotometric
absorbance of the supernatant was read at 488 nm and 543 nm for the detection of BSA-
FITC and BSA-TRITC, respectively.

2.5 Structural stability of the released proteins

Alterations in the secondary structure of the total protein content released from PLGA
NPs were assessed by circular dichroism (CD) spectroscopy. PLGA NPs individually
formulated with BSA-FITC (55 mg) and BSA-TRITC (55 mg) or co-formulated with BSA-
FITC and BSA-TRITC (140 mg) were dispersed in PBS (pH 7.4, 2 mL). The samples
were then stirred at 37 °C and 100 rpm in an orbital shaker incubator (Incu-Shake MINI,
SciQuip, Staffordshire, UK) for 24 h. After centrifugation at 14,000 rpm for 15 min, the
supernatant was concentrated to 240 ug/mL of protein by ultrafiltration using Amicon
Ultra-15 Centrifugal Filter units (Merck Millipore, Billerica, MA, USA) with a MWCO of 10
kDa. The spectral profile of each sample was compared with the respective native and
denatured (90 °C, 1 h) controls. The concentration of native and denatured controls was
defined as 1 mg/mL and 200 ug/mL, respectively. The ellipticity value of proteins was
scanned over 200-260 nm wavelength using an Aviv Model 400 spectrometer (Aviv
Biomedical Inc, Lakewood, New Jersey, USA). A quartz cell was used, and the
bandwidth and time-per-point were 1 nm and 1 s, respectively. The mean residue

ellipticity (MRE) was calculated according to Equation (3) [33].

— (esample_ Omedia) X MW
MRE = (N-1) x1xC (3)

where 6 is the raw ellipticity value (mdeg), MW is the molecular weight of BSA (66.5
kDa), N is the number of residues of BSA (583), 1 is the cuvette path length (1 mm), and
C is the protein concentration in mg/mL. The a-helix percentage was also calculated

according to Equation (4) [34].

—MRE30g nm — 4000 )
33,000—4000

a-helix (%) =

2.6 Cell culturing

THP-1 cells were grown in suspension in tissue culture flasks (passage 14-25). The cells
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were maintained in DMEM medium containing FBS (10%, v/v) and penicillin-
streptomycin (1%, v/v). Cultures were kept in an incubator (CellCulture CO; incubator,
ESCO GB Ltd., Downton, UK) at 37 °C with 5% CO., in a water saturated atmosphere.

After reaching confluency, cells were centrifuged and split into new tissue culture flasks.

2.7 Cellular metabolic activity assay

The influence of samples on metabolic activity was assessed in macrophage-like cells
differentiated from the THP-1 cell line using the MTT assay. THP-1 cells were seeded in
a 96-well plate (1 x 10° cells/well) in 200 yL complete DMEM medium at a PMA
concentration of 10 ng/mL in order to induce their differentiation into macrophage-like
cells [35]. After 24 h of incubation, medium was removed and cells were washed twice
with 200 uL PBS, pH 7.4. Then, cells were incubated with the samples in concentrations
of 0.03 uM, 0.003 uM and 0.0003 pM (in medium) determined in relation to the proteins,
for 24 h. Afterwards, solutions were discarded, cells were washed with 200 yL PBS, pH
7.4, and treated with 200 pL of MTT solution (0.5 mg/mL, in medium), during 4 h in the
dark. Formazan crystals, resulting from the reduction of MTT by viable cells, were
solubilized with 100 yL of DMSO, with of 20 min gentle shaking at 100 rpm at room
temperature. The absorbance was measured at 590 nm and 630 nm. A negative control
(NC), consisting of cells incubated with 1 % of Triton X-100 in medium solution (0 % of
metabolic activity), and a positive control (PC), consisting of cells incubated only with
medium (100 % of metabolic activity), were also prepared and treated similarly to the
sample wells. Metabolic activity was expressed as a percentage compared to the
controls according to Equation (5).

Experimental value — NC
PC - NC

Metabolic activity (%) = x 100 (5)

2.8 Statistical analysis

The results were represented as mean + standard deviation from a minimum of three
independent experiments. The statistical analysis was performed by one-way analysis
of variance (ANOVA) followed by a post hoc test (Tukey's honestly significant difference).
Differences were considered significant at *p<0.05, **p<0.01, or **p<0.001. The
statistical analysis was carried out using GraphPad Prism 7 (GraphPad Software Inc.,
San Diego, CA, USA).
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3. RESULTS AND DISCUSSION

In this work, PLGA NPs were co-formulated with BSA-FITC and BSA-TRITC via a
microfluidic modified-nanoprecipitation technique. The manufacturing of these NPs was
performed using a X-junction microfluidic chip. An acetone organic phase consisting of
PLGA polymer and an aqueous solution of Tween®80 were used. The standard
nanoprecipitation methodology was first described by Fessi et al. [36] who detailed how
materials for delivery could be solubilized in the organic phase. In this article, it is shown
that the BSA-FITC and BSA-TRITC model proteins can also be included in the agueous
Tween®-80 solution.

The continuous manufacturing of polymeric NPs using microfluidics is a highly versatile
technique in which many parameters must be optimized in order to produce the desired
particulate system. Therefore, to clarify the manufacturing method, the influence of PLGA
concentration in the organic phase and total flow rate of the system was investigated,
whilst maintaining the ratio of organic:aqueous solvent phase and aqueous phase
concentration of Tween®-80.

An increase in the PLGA concentration of the organic phase from 0.25% wi/v to 1% w/v
produced a significant increase (*p<0.05) in the Z-average of NPs from around 110 nm
to 140 nm, respectively (Figure 2A). This increase in size can be explained by the rise
in the number and consequent fusion of PLGA chains within the vicinity of nucleation
sites during particle formation [37]. PDI values lower than 0.2 across the same range of
concentrations (Figure 2B) demonstrated size distribution uniformity of all NP
populations, which is a typical characteristic of microfluidic-produced particles. This is
because, the manufacturing device allows the controlled separation of the nucleation
and growth stages through the distance away from the location where the initial mixing
of the organic and aqueous phase occurs [11, 38]. The ¢-potential, in turn, significantly
dropped (**p<0.01) from around -9 mV to -17 mV with increasing concentrations of PLGA
(Figure 2C) as a result of the higher density of polymer carboxyl end-groups exposed
on the surface of the NPs [39]. Increasing concentrations of PLGA also resulted in a
considerable increase in the production rate of NPs (Figure 2D) from around 0.2 g/day
to 0.7 g/day. The production rate is usually an undervalued parameter in most bulk and
even continuous manufacturing methods used for PLGA NPs production. However, this
parameter has attracted a greater focus in recent years. This is because, the production
rate directly correlates with the capability of the manufacturing method to address the

throughput required for the application in industrial and clinical settings [40, 41].
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These physicochemical properties of NPs are ideal for systemic administration and have
been previously shown to permit transit through and escape from the spleen and liver
[42, 43]. Furthermore, these properties also permit the application of these patrticles for
cancer nanomedicine. This is because, their Z-average enables enhanced permeability
and retention (EPR) effect by migrating through the vascular fenestrations of tumours
[44]. More particularly, the size dimension of the developed NPs could be also useful in
the field of brain drug delivery since it is generally accepted that it facilitates the transport
of particles through the vascular endothelial cells of the blood-brain barrier [45, 46].
PLGA at 1% w/v in acetone solvent was defined as the organic phase to proceed with
further studies, as it provided the highest possible polymer concentration and

consequent NPs production rate, whilst maintaining homogeneous monodistributed NPs

[47].
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Figure 2. Optimization of PLGA concentration for the manufacturing of unloaded NPs,
using an organic:aqueous flow rate of 50:150 yL/min. NP properties of (A) Z-average,
(B) PDI and (C) C-potential were investigated, as well as the (D) manufacturing
productivity. Final conditions were defined as 1% w/v PLGA. Error bars represent the

mean + SD (n=3) and the significance levels were assigned at *p<0.05 and **p<0.01.

The optimization of the manufacturing process involved an increase in the total flow rate
from 100 pL/min to 2000 yL/min. These flow rates corresponded to an increase in the
organic phase flow rate from 25 yL/min to 75 yL/min and aqueous flow rate 500 pyL/min
to 1500 pL/min. Higher total flow rates led to a significant decrease in the Z-average of

the PLGA NPs (**p<0.01, Figure 3A), which is in accordance with previously published
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literature by Zhang et al. [48]. They have explained that the faster diffusion of the organic
phase into the aqueous phase enabled higher nucleation rates and the formation of
multiple, smaller spatial supersaturation zones. This places the nucleation stage in a
privileged position compared to the growth one, since more nuclei are formed and only
limited amount of polymer is left to grow them. Therefore, lower diameter NPs can be
obtained. The PDI (Figure 3B) and C-potential (Figure 3C) did not change significantly
across the same range of total flow rate, keeping values less than 0.2 and around -20
mV, respectively. Increasing total flow rates resulted in a greater increase in the
production rate of the PLGA NPs (Figure 3D) from around 0.4 g/day to 7 g/day. It is
important to highlight that the obtained maximum production rate of 7 g/day
demonstrated superior yields to previously reported literature data for polymeric
nanosystems, that were manufactured using a single microfluidic device, e.g. 0.0072-
0.0144 g/day [49], 0.012-0.079 g/day [50], 0.156 g/day [51] and 0.252 g/day [52]. Based
on the data presented in Figure 3, the final total flow rate was defined as 2000 pL/min,
which corresponded to an organic:aqueous flow rate of 500:1500 yL/min. These greater
flow rates provided the highest productivity, while maintaining homogeneous
monodisperse PLGA NPs.
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Figure 3. Optimization of the total flow rate when manufacturing unloaded NPs. NP
properties of (A) Z-average, (B) PDI and (C) ¢-potential were investigated, as well as the
(D) manufacturing productivity. Final conditions were defined as an organic:aqueous flow
rate of 500:1500 pL/min. Error bars represent the mean £ SD (n=3) and the significance

levels were assigned as *p<0.05 and **p<0.01.
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To ensure the controlled, reproducible continuous manufacturing of PLGA NPs using
microfluidics, the scale of the manufacturing method was investigated. Specifically, a
scale-up of the final yield by x5 (50 mg) and x25 (250 mg) was conducted. The Z-
average, PDI and -potential properties did not change significantly and demonstrated
to be independent on the scale-up (Table 1), which indicated the strength of the herein
proposed continuous microfluidic manufacturing process. This successful up-production
in a continuous-flow setup offers potential to speed up the translation of the developed

nanomedicines from laboratory to industry and clinical scales [53].

Table 1 — Evaluation of the impact of a scale-up manufacturing on the physicochemical

properties of NPs of Z-average, PDI and C-potential.

Scaling Z-average (nm) PDI ¢-Potential (mV)
Standard scale 1169+ 1.7 0.105 £ 0.006 -172+1.1
5-times scale-up 121.9+3.8 0.109 +0.015 -16.6+2.8
25-times scale-up 1209 +2.3 0.107 £ 0.013 -16.5+3.6

PLGA NPs were manufactured unloaded, individually formulated with BSA-FITC or BSA-
TRITC, as well as co-formulated with BSA-FITC and BSA-TRITC. The Z-average
(around 120 nm), PDI (around 0.1) and -potential (around 15 mV) of all protein-loaded
formulations did not exhibit significant changes compared to unloaded NPs (Table 2).
PLGA nanosystems individually formulated with either BSA-FITC or BSA-TRITC
presented an AE of around 80%. Although there is limited information in the literature
highlighting the loading of BSA-TRITC into PLGA NPs, the obtained BSA-FITC AE value
was far higher than the ones reported by other authors, approximately around 30-45%
[32, 34, 54]. Moreover, the co-formulated nanosystem also presented high AE for both
BSA-FITC and BSA-TRITC, corresponding to values of around 70% and 80%,
respectively. It was hypothesized that the selected concentration of Tween®-80 endowed
the protein-containing aqueous phase with an optimal viscosity to promote its diffusion
through the organic phase. This provides enhanced dispersion of BSA-FITC and/or BSA-
TRITC molecules through the PLGA matrix. It was furthermore envisaged that any
residual Tween®-80 coating the surface of the NPs could act as an entrapment layer for

BSA-FITC and/or BSA-TRITC molecules residing at the polymer-surfactant interface.

Table 2 — Evaluation of the physicochemical properties of NPs of Z-average, PDI, (-
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potential and AE after individual formulation with BSA-FITC or BSA-TRITC, and co-
formulation with BSA-FITC and BSA-TRITC.

Z-average , AE (%)
NPs PDI ¢-Potential (mV)

(nm) BSA-FITC  BSA-TRITC
Unloaded 116.9+1.7 0.105+0.006 -17.2+1.1 - -
BSA-FITC 117.4+2.1 0.102+0.012 -14.1+23 77.7+4.0 -
BSA-TRITC 121.3+2.6 0.104+0.002 -157+21 - 79.9+3.2
BSA-FITC and

118.7+4.1 0.106 +0.002 -14.6+2.7 66.3+ 4.5 77.5+5.7
BSA-TRITC

TEM imaging was used as a tool to provide more insight into the size and morphology of
the developed NPs. Monodisperse particles with a homogenous surface and spherical
morphology were observed (Figure 4). All formulations presented a size of NPs of

around 100 nm, which is in accordance with DLS measurements.

Figure 4. TEM images for (A) unloaded NPs, individually loaded (B) BSA-FITC and (C)
BSA-TRITC NPs, and (D) BSA-FITC and BSA-TRITC co-formulated NPs.

Protein release was evaluated in vitro in buffered saline (pH 7.4), to represent an
intravenous environment. PLGA NPs individually loaded with BSA-FITC were
characterized by an initial rapid burst effect, with around 80% of the protein being
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recovered in the first 2 h (Figure 5A). In comparison, PLGA NPs individually loaded with
BSA-TRITC, significantly less of the protein was recovered (around 50%) over the same
time period and the overall release was more sustained (Figure 5B). This results
suggested that BSA-FITC may have a tendency to be located close or on the surface of
the NPs, whereas BSA-TRITC could be dispersed into the polymeric PLGA matrix [55].
Since the TRITC fluorochrome is more hydrophobic than FITC [56], it also rendered BSA-
TRITC protein more hydrophobicity than BSA-FITC. The PLGA polymer is known to
present a hydrophobic backbone and, thus, it is prone to retain hydrophobic and
hydrophilic cargos into its matrix and close to its surface, respectively, which can explain
the previous release results [55].
Co-formulated BSA-FITC and BSA-TRITC PLGA NPs exhibited a release profile of BSA-
TRITC comparable to the BSA-TRITC individual formulation, with also around 50% of
the protein recovered over the first 2 h (Figure 5C). However, the release profile of BSA-
FITC underwent significant alterations compared to the individual formulation, with only
around 20% of the protein recovered over 2h (Figure 5C). It was hypothesized that this
difference was related to the opposite net charge values of FITC and TRITC
fluorochromes. FITC is negatively charged under neutral pH and presents a net value of
-1.02, whereas TRITC possesses a net positive charge of +0.99 [57]. BSA conjugated
with the positively charged TRITC, which is hypothesised to be distributed through the
polymeric matrix of PLGA NPs, may exert electrostatic interactions on BSA conjugated
with the negatively charged FITC, which would be expected to be located closer to the
particles’ surface. This electrostatic attraction could therefore be responsible for retaining
the BSA-FITC for prolonged time periods, sustaining its release, in comparison to the
BSA-FITC individual formulation.
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Figure 5 — In vitro release profile of individually loaded (A) BSA-FITC and (B) BSA-
TRITC NPs, and (C) BSA-FITC and BSA-TRITC co-formulated NPs. Error bars represent
the mean = SD (n=3).

Protein structure is important since alterations in the secondary structure of proteins are
likely to be related to their denaturation, which ultimately culminates in aggregation and
loss of biologic function [34, 58]. One of the major disadvantages of the loading of protein
therapeutics into polymeric NPs is their denaturation after the manufacturing process,
mainly due to the deposition of these molecules in the organic-aqueous phase of
emulsions and/or the contact of the organic solvents with their nonpolar amino acids [59].
Therefore, maintenance of the secondary structure of proteins after the release from
PLGA NPs was studied through CD, where controls of each protein type in its native and
denatured form were used for comparison purposes.

All CD spectra presented double minima at around 220 nm and 210 nm, which is
characteristic of the a-helical structure of BSA [60, 61] (Figure 6). The spectra of BSA-
FITC and BSA-TRITC released from the individually and co-formulated PLGA NPs were
comparable to the native forms of the proteins. They were also distinguishable from the
denatured control, which produced diminished absorbance bands. The a-helix content
was calculated in order to confirm the structural similarities between the released
samples and native controls. The calculated values were found in the interval from 50-
60% as literature data reports for BSA [34, 62], with variations in the a-helix content

relative to the control of only around 0%, 4% and 3% for individually loaded BSA-FITC
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NPs (Figure 6A) and BSA-TRITC PLGA NPs (Figure 6B), and co-formulated BSA-FITC
and BSA-TRITC PLGA NPs (Figure 6C). The CD results confirmed that the proposed
continuous microfluidic manufacturing method for production of polymeric PLGA NPs
was successfully able to encapsulate model proteins, either individually or as a co-
formulation, in the absence of deviations in the secondary structure of the released

proteins.
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Figure 6 — CD spectral profile of the total released protein from individually formulated
(A) BSA-FITC NPs and (B) BSA-TRITC NPs, and (C) BSA-FITC and BSA-TRITC co-
formulated NPs. Spectral profile of the respective native and thermally denatured total

protein is also represented. Results are presented as mean (n=3).

The influence of the developed nanosystems on metabolic activity was accessed through
a MTT assay in macrophage-like cells differentiated from the THP-1 cell line (Figure 7).
This cell line was selected only as a model due to its well described, easy and relatively
inexpensive culture. Protein concentrations ranging from 0.0003-0.03 pM were
investigated for their effects on metabolic activity. The metabolic activity of macrophage-
like cells was found to be always above 70% when in contact with the free BSA-FITC,
BSA-TRITC, and mixed BSA-FITC and BSA-TRITC at all evaluated concentrations. This
demonstrated the absence of cytotoxicity associated with the free proteins and was

expected since the major molarity contribution from the protein-fluorochrome complex
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originates from the BSA, for which the normal physiologic concentration is much higher
than the maximum one herein tested (around 0.76 M in blood serum) [63, 64]. Unloaded
NPs also exhibited cell metabolic activity greater than 70% for all tested concentrations,
as well as NPs individually loaded with BSA-FITC or BSA-TRITC and co-formulated with
BSA-FITC and BSA-TRITC. The polymeric matrix of NPs did not induce cytotoxicity and
did not compromise cell viability. This observation was also true for the physical mixture
of NPs individually loaded with BSA-FITC or BSA-TRITC in amounts equivalent to the
co-formulated NPs. Therefore, it is important to note, according to the 10993-5 norm
from the International Organization for Standardization (ISO) for in vitro pre-clinical
evaluation of the cytotoxicity of medical devices, these PLGA NP formulations may be

considered non-toxic and potentially safe [65].
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Figure 7 — Metabolic activity of macrophage-like THP-1 cells after 3 h exposure to the
free and nanoformulated proteins. Sample data were normalized to the positive (buffer,
100%) and negative (lysis buffer, 0%) controls. Error bars represent the mean + SD
(n=3).

4. CONCLUSION

A continuous microfluidic manufacturing method that enabled the engineering of
monodisperse BSA-FITC and BSA-TRITC co-formulated PLGA NPs with a high
association efficiency is reported herein. The enhanced production rate and scale-up
potential of the demonstrated microfluidic method indicated the capacity to manufacture
monodisperse PLGA NPs in industrial and clinical batch sizes. The microfluidic
manufacture process preserved the protein secondary structure and did not appear to
induce denaturation upon release. Co-formulated BSA-FITC and BSA-TRITC PLGA NPs
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did not present cytotoxicity in macrophage-like cells compared to the free mixed form of
the proteins and even the physical mixture of NPs individually loaded with each protein
type. Therefore, it is anticipated that this model study will pave the way towards novel
combination therapies based on PLGA nanosystems that require the co-delivery of
protein therapeutics to a range of pathologies. Perspectives for future work include the
co-formulation of other proteins and investigation of the preservation of bioactivity post-

release, as well as studies of the efficacy of the nanosystem in vivo.
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Biomaterials research has witnessed an exponential growth over the last 30 years and has demonstrated strong
economical and societal benefit indicators, which include improvements in the efficacy and reduction in cost of
therapeutic interventions [1]. Polymers are one of the most multifaceted class of biomaterials with common use in
the biomedical field for a range of applications. The interest in polymer science has ascended due to the versatility
and ease of production of polymeric materials, which position them in between the mechanical strength of metals
and the favorable biological properties of ceramics [2].

One of the most important requirements of a polymer for application in the biomedical area is the biocom-
patibility. This concept was defined by Williams as the ability of a material to accomplish the desired function
at the cellular or tissue level in a clinically relevant manner, without eliciting any undesirable local or systemic
host response [3]. Natural polymers are of a similar composition to tissues and thus biologically recognizable.
However, their intrinsic variability and poor tunability permit application of synthetic polymers [4]. Biocompatible
natural polymers used in biomedical applications include saccharide- or protein-based materials as chitosan (CHI),
alginate (ALG), dextran (DEX) and hyaluronic acid (HA), or silk fibroin (SF) and gelatin (GEL), respectively.
Whereas biocompatible synthetic polymers include esters as poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(lactic-co-glycolic acid) (PLGA) and poly(caprolactone) (PCL), acrylamides as poly(acrylamide) (PAM), or
ethers as poly(ethylene glycol) (PEG).

The application of biocompatible polymers for the production of nanomaterials is at the forefront of the hot
research topics of nanotechnology for therapeutic delivery and diagnosis purposes. This is because the loading
of therapeutic and diagnostic cargos into polymeric nanomaterials has been shown to present enhanced physic-
ochemical profile and biological performance. The advantages of these polymeric nanomaterials include: precise
and targeted cargo delivery due to the prospect of surface functionalization, hence reducing cargo-related side
effects; enhanced pharmacokinetic and pharmacodynamic properties of associated cargos, resulting in a higher
therapeutic and/or diagnostic efficacy; elimination of noncontrolled release of cargos; and increase in the half-life
of cargo molecules due to the polymeric protection against clearance [5,6]. As a result, the number of applications
for biocompatible polymeric nanomaterials in the areas of therapeutic delivery and disease diagnosis is rapidly
increasing, with increasing requirements for novel materials with enhanced functionality.

In this article, the physicochemical properties of different natural and synthetic biocompatible polymers will be
explored, as well as their assembly in nanotechnology-based systems, function in state-of-art applications in the
fields of therapeutic delivery and disease diagnosis, and translation hurdles.

Biocompatible polymers for nanotechnology applications
Natural polymers
Chitosan

CHI is a natural polysaccharide of cationic nature obtained from chitin, an important component of arthropod
exoskeleton and crustacean shells (Table 1). Extraction of chitin involves a primary acid treatment of decalcification
followed by an alkali treatment for deproteinization. Deacetylation by boiling in NaOH results in the production
of CHI, a linear polymer comprising $(1-4) linked d-glucosamine residues with randomly distributed N-acetyl-
D-glucosamine groups [7]. CHI can be degraded by several mechanisms, including surface erosion or enzymatic
degradation through chitosanase and lysozyme [8]. In vertebrates, CHI is thought to be degraded by lysozyme and
by bacterial enzymes in the colon through enzymatic hydrolytic cleavage. The large number of accessible hydroxyl
and amine groups in CHI provide numerous possibilities of chemical functionalization, which may be performed
in order to control properties such as hydrophobicity and electrostatic charge, or even to induce hydrogel formation
through chemical cross-linking with bifunctional ligands [9-11]. CHI is widely regarded as a nontoxic polymer, being
approved for dietary applications in Japan, Italy and Finland, and US FDA approved for use in wound dressings.

Alginate

ALG is a naturally occurring anionic and hydrophilic polysaccharide (Table 1). It is one of the most abundant
biosynthesized materials, being typically found in brown algae, termed Phacophyceae [12]. Commercially available
ALGs are extracted from marine organisms by a chemical-based protocol, where the first step consists on the
removal of the chelated counterions that sustain its structure in the marine organism through acidification with
a mineral acid solution. The resultant insoluble alginic acid is then solubilized by using alkali such as sodium
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hydroxide or sodium carbonate in order to allow the removal of particulate matter through filtration. Finally, ALG
is precipitated with ethanol, calcium salts or by using a mineral acid [13]. This polymer is composed by monomeric
units of 1-4 linked B-D-mannuronic acid (M) and C-5 epimer a-L-gluronic acid (G), being organized in sequences
of M (M-blocks) and G (G-blocks) residues, interspersed with M and G sequences (MG-blocks) (13]. Binding to
alkali ions such as Na™ provides the polymer with water solubility, whereas coordination to divalent ions such
as Ca’t, Ba’" or St*" results in hydrogel formation. The degradation kinetics of ALG can be accelerated by
chemical modification of the polymeric chain. The periodate oxidation of ALG cleaves the carbon—carbon bond
of the cis-diol group in the uronate residue and alters the chain conformation, promoting the hydrolysis of ALG in
aqueous solutions [14]. This polymer may also be functionalized in order to modulate its interaction with cells. For
instance, to promote cell-matrix adhesion or matrix degradation, peptides containing the arginine-glycine-aspartate
(RGD) or proline-valine-glycine-leucine-isoleucine-glycine (PVGLIG) sequences, respectively, can be grafted to
the polymer through carbodiimide chemistry on the carboxylic functionality, or by reductive amination on the
aldehyde groups resultant from ALG oxidation [15,16].

Dextran

DEX is an extracellular bacterial homopolysaccharide synthesized from sucrose by dextransucrase enzymes (Table 1).
The structure of DEX consists of linear (1—6)-a-D-glucose, with branches extending mainly from (1—3) and
occasionally from (1—4) or (1—2) positions accounting for a 5% degree of branching [17]. The exact structure of
each type of DEX depends on the degree of branching, which in turn depends on the specific microbial strain and,
hence, on the specificity of dextransucrases involved [18]. The biodegradation of DEX involves natural enzymatic
cleavage of saccharide bonds by dextran-1,6-glucosidase found in several organs such as spleen, liver, lungs, kidneys,
brain and muscle tissue, as well as by dextranases expressed by bacteria in the colon [17]. The presence of a high
number of hydroxyl groups in its structure makes DEX very attractive for chemical functionalization.

Gelatin

GEL is a water-soluble protein derived from collagen. Collagen is a fibrous insoluble protein widely found in
nature, being the major component of skin, bone and connective tissue (Table 1). GEL is obtained by heat
dissolution of collagen at alkaline (GEL type A) or acidic (GEL type B) conditions [19]. The chemical structure
of GEL is represented by (Glycine-X-Proline),,, where X is attributed to other amino acid residues, usually lysine,
arginine, methionine and valine [20]. These amino acid sequences are responsible for the organization of GEL
in a triple helical structure, where helical regions form protein chains capable of retaining water, resulting in
the formation of a hydrogel. The carboxylic and amine groups derived from the amino acids that compose GEL
structure are attractive groups for functionalization through different chemical routes. These have been used to graft
photopolymerizable moieties either on the amine by nucleophilic substitution or on the carboxylic acid functionality
through carbodiimide chemistry, followed by esterification reaction, and to promote internal cross-linking. It is
well accepted that proteolytic hydrolysis should be the major pathway for GEL biodegradation [21].

Hyaluronic acid

HA is produced at large scale by the Swreprococcus zooepidemicus and Streprococcus equi bacteria with high yield
and purity (Table 1). Apart from bacterial production, HA can be also obtained in large quantity from animal
tissues [221. HA is structurally characterized by being a large, linear glycosaminoglycan polymer composed by
repeating units of D-gulucuronic acid and N-acetyl-D-glucosamine, linked by alternating B-(1,4) and p-(1,3)
glycosidic bonds. Attempts to improve stability of this polymer often rely on chemical functionalization. The most
common chemistries for HA modification include esterification on the hydroxyl functionality in the C-6 position
of N-acetylglucosamine or C-2 position of D-gulucuronic acid, as well as esterification and carbodiimide coupling
reactions on the available carboxylic groups [23]. Functionalization of the carboxylic functionality may be a viable
strategy to decrease biodegradation, since it has been identified as the recognition site of the Hyal-2 enzymes.
Biologically, HA plays an important role in organization and maintenance of the structural integrity of extracellular
and pericellular matrices, behaving also as a signaling molecule by interacting with a variety of cell surface receptors
and HA-binding proteins, to activate intracellular events that mediate several cell functions [24].

10.2217/nnm-2020-0145 Nanomedicine (Lond.) (Epub ahead of print) future science group



Advanced polymeric nanotechnology to augment therapeutic delivery & disease diagnosis  Review

Silk fibroin

Silks are defined as fibrous proteins containing highly repetitive sequences of amino acids, which are stored in
the animal as a liquid and assemble into fibers when sheared or spun during secretion (Table 1) [25. The most
extensively produced silk is the one spun from the silkworm, larva or caterpillar, of the domesticated B. mori
moth, a member of the Bombycidae family (26]. SF can be defined as a macromolecular protein, which is coated by
hydrophilic sericins of around 20-310 kDa, consisting mainly of glycine (44%), alanine (29%) and serine (11%).
Although SF is classified by US Pharmacopeia as a nondegradable material, due to its negligible tensile strength
loss in vivo, this macromolecular protein is susceptible to biological degradation by proteolytic enzymes such as
proteinase XIV, a-chymotrypsin and collagenase IA [27,28]. The final products resulting from SF degradation are
the corresponding amino acids, which are easily absorbed iz vivo. Although SF is composed predominantly by the
nonreactive aminoacids glycine and alanine, functionalization can be achieved on the residues of serine, tyrosine,
threonine, lysine, glutamic acid and aspartic acid present in its structure [26]. The most common methodology for SF
modification is based on the reactivity of the hydroxyl group from serine residues, which can undergo esterification
reactions. Tyrosine and lysine residues have also been used for attachment of oligosaccharides or synthetic polymers
using a diazonium coupling strategy [20-31]. The excellent biocompatibility of SF supported its approval by FDA as
a biomaterial for the fabrication of medical devices (32).

Synthetic polymers
Poly(caprolactone)

PCL is an aliphatic polyester, readily synthesized using a ring-opening polymerization of the e-caprolactone (e-CL)
cyclic monomer (Table 2). PCL possesses a relatively low melting point, between 55 and 60°C, and a glass transition
temperature of around -60°C. Thus, under physiological conditions, PCL presents a rubbery elastic state (33,34]. Its
semicrystalline degree may reach values close to 70%, which decrease with increasing molecular weights (MWs) of
the polymer 35]. PCL biodegradation occurs through hydrolysis of surface aliphatic ester linkages, and this is a slow
degradation mechanism that permits PCL-based materials to remain physiologically active for extended periods
of time (>12 months) (36]. Therefore, the biological effects of acidic by-products resulting from PCL degradation
are negligible (37). This polymer received FDA approval for human clinical use [38]. However, PCL demonstrates
high hydrophobicity and poor wettability, which avert its application for cell attachment purposes [391. Since PCL
is deficient in functional groups that can be readily modified, it is usually copolymerized or blended with other
materials in order to obtain variants possessing improved biofunctionality 40]. The extended half-life of PCL
networks turns it an ideal candidate for the manufacture of long-term systems in the drug delivery field [411.

Poly(lactic acid)

PLA belongs to the family of aliphatic polyesters and it is composed of lactic acid monomers, which could be obtained
from renewable agricultural sources (Table 2). PLA is usually manufactured via ring-opening polymerization or
direct polycondensation, either through solution or melt strategies [42). The lactic acid monomer coexists in optically
active D- or L-enantiomers. Depending on their proportion, PLA of variable properties can be obtained — poly(D-
lactic acid) as a regularly structured crystalline material, poly(L-lactic acid) in the regularly structured hemicrystalline
form, poly(D,L-lactic acid) as an amorphous material and meso-PLA resulting from the polymerization of meso-
lactide [43]. The poly(L-lactic acid) homopolymer, often termed only PLA, has been the most widely used, possessing
a crystallinity degree of around 37% and a glass transition and melting temperature of approximately 65 and
180°C, respectively [44]. Therefore, it presents a glassy elastic structure under physiological temperature, exhibiting
a relatively rigid chain structure. The biodegradable properties of PLA result from the scission of its ester bonds
and culminate in the generation of lactic acid and low MW oligomers, which are afterward forwarded to metabolic
pathways [45]. The particularly poor absorption of water and high hydrophobicity of PLA are responsible for the
prevention of cell surface adhesion and slow hydrolytic degradation of this polymer compared with its composite
analogs, as PLGA [46]. PLA is deficient in modifiable functional groups, which is typical of polyesters. Nevertheless,
PLA has been able to be combined with a variety of additional components such as biomimetic apatite, extracellular
proteins or RGD peptides, rendering PLA amenable to more favorable biological performances [47. FDA have
accepted this polymer for human clinical applications [48].
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Table 2. Chemical structure of the detailed biocompatible synthetic polymers.
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Poly(glycolic acid)

PGA consists on the simplest linear aliphatic polyester, and it is composed of arrangements of different glycolic
acid-based building blocks, derived from sugar cane (Table 2) [49). Similarly to PLA, this polymer is usually obtained
via monomer polymerization or condensation [50,51]. PGA presents a glass transition temperature of approximately
35°C, and a melting point of around 210°C, hence behaving as a glassy material under physiological temperature [51].
The simple structure and stereoregularity of PGA results in a high level of crystallinity (around 55%). PGA faces
a bulk-type biodegradation via nonspecific scission of ester linkages, and this process can start occurring in less
than 1 month. The degradation by-product, glycolic acid, is then transitioned to metabolic pathways and reacts
to generate glycine [521. PGA was one of the first biocompatible and biodegradable synthetic polymers explored in
the biomedical field, as well as receiving FDA approval for human clinical applications [53. However, the clinical
translation of this material was hindered by its restricted solubility and high rate of degradation, consequently
yielding considerable acidic by-products [54]. Moreover, PGA presents a hydrophobic nature and chemically inert
surface, contributing to limited biological applications. This has been circumvented by strategies envisaging the
conjugation of PGA with biologically active molecules and other polymers [s5].

Poly(lactic-co-glycolic acid)

PLGA is an aliphatic polyester copolymer of lactic acid and glycolic acid (Table 2). The synthesis of PLGA is usually
conducted via polycondensation or ring-opening polymerization of the monomers [56]. Different variants of this
polymer can be obtained depending on the proportion of lactic and glycolic acid, although the most common is
the 50:50 ratio one [57]. The average glass transition temperature of PLGA is 50°C, indicating its glassy elastic state
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under physiologic temperature [58]. Since L-lactic acid and D,L-lactic acid originate semicrystalline and amorphous
structures, respectively, and glycolic acid loses its high crystallinity level after copolymerization, PLGA is preferably
amorphous [59]. The bulk biodegradation of PLGA in aqueous environments occurs through ester hydrolysis [60].
The rate of biodegradation is proportional to the content of glycolic acid as this monomer is more hydrophilic
than the lactic acid one, which permits higher penetration of water into the copolymer structure [61]. Low MW
values are also associated with a faster degradation, such that PLGA copolymers of 15 and 100 kDa degrade in
time periods varying from weeks to months, respectively [62). After biodegradation of PLGA, the lactic and glycolic
acid by-products are forwarded to natural metabolic pathways for biorecycling [63]. PLGA belongs to the family
of FDA-approved polymers for basic research and clinical use. Similarly to the previously mentioned synthetic
polyesters, the hydrophobicity of PLGA becomes a disadvantage during cell loading. Furthermore, the insufficient
number of modifiable functional groups per chain may pose a limitation when there is a demand for multifunctional
polymers [64]. Thus, several authors have dedicated their work on this subject, successfully developing new strategies
to circumvent these drawbacks [56]. The unique versatility of PLGA, which allows to formulate this polymer in
multiple scales and designs, turned it into one of the most well-studied biocompatible polymers in the biomedical

field.

Poly(acrylamide)

PAM is a free radical polymerized system of acrylamide monomers (Table 2). PAM alone forms linear
cross-linked chains, therefore, to enhance surface area, it is often copolymerized or cross-linked with N,N'-
methylenebisacrylamide [65]. Free radical polymerization of the monomers is initiated through the addition of
redox pair catalysts ammonium persulfate and N,N,N', N -tetramethyl ethylenediamine (66]. Cross-linked PAM
form hydrogels and, by adjusting the total acrylamide concentration and ratio of N,/V-methylenebisacrylamide,
PAM gels with a wide range of pore size can be produced [65]. This tunable property can be used as an excellent
exchange system to either allow the permeation of biomolecules or entrap chemical elements for delayed ther-
apeutic delivery or biological measurement. Dehydrated PAMs glass transition temperature is between 420 and
460°C, and its melting point is approximately 80°C, such that it is glassy under physiological temperatures [67]. In
general, PAM is amorphous, but its crystallinity increases with the degree of polymerization [68]. PAM is extremely
versatile by introducing primary amine-based monomers to the PAM matrix prior to polymerization, such as /V-(3-
aminopropyl)methacrylamide hydrochloride. Moreover, PAM can be functionalized with an array of molecules that
contain succinimidyl chemistry, pre- or postmanufacture [69). Acrylamide monomers are thought to be harmful, as
they readily cross-link with nucleic acid, however, as cross-linked PAM they present biocompatibility [70].

Poly(ethylene glycol)

PEG is a linear polyether that is usually synthesized via ring-opening polymerization of ethylene oxide, triggered
by nucleophilic attack of the epoxide ring (Table 2) 71]. PEG of low MW (<700 Da) appears to be a viscous and
colorless liquid. Whereas high MW polymers (>1000 Da) are white crystalline solids whose melting point may
increase up to around 70°C [72]. The glass transition temperature of PEG is approximately -60°C, independently of
the polymer MW, such that PEG is a rubbery elastic material under physiologic temperatures (73]. Although PEG
is not biodegradable, its metabolites are rapidly excreted from the physiological system via liver or kidneys [74]. The
hydrophilicity of PEG results in the lowest level of protein or cell adhesion among biocompatible polymers. Thus,
it is well known for its absence of immunogenicity or antigenicity, and has received FDA approval for biomedical
applications (75]. The well-known PEGylation’ arouse from the stealth properties that PEG chains possess, which
was explored by colloidal science as an efficient antifouling strategy to escape the immune system and increase
the blood circulation time of biotechnology products [71]. Despite several PEG-based works simply depend on
adsorption of the polymer, it may be engineered with functionalized architectures in order to facilitate the chemical
coupling with other molecules [75].

Polymeric nanosystems

Nanoparticles

Polymeric nanoparticles are solid colloidal systems classified into nanocapsules or nanospheres. Nanocapsules
have a vesicular-type structure in which the cargo is confined to a cavity surrounded by a polymer membrane,
whereas nanospheres consist of structures in which the cargo is physically and homogeneously dispersed in a
matrix [76]. Polymeric nanoparticles have been focus of great interest by the research community, as they possess a
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Nanocapsules Nanospheres Nanofibres

Figure 1. Diagrams and electron
microscopy images showing the structure
and morphology of different polymeric
nanosystems.

Electron microscopy (EM) images of
Nanogels Polymersomes Micelles nanocapsules: Reproduced with permission
from [114], © Royal Society of Chemistry
(2015).

EM image of nanospheres: Reproduced
with permission from [115], licensed with CC
BY 2.0.

EM image of nanofibers: Reproduced with
permission from [116], © The Korean Society
of Industrial and Engineering Chemistry
(2015).

EM image of nanogels: Reproduced with
permission from [117], © American Chemical
Society (2011).

EM image of polymersomes: Reproduced
with permission from [118], © Royal Society
of Chemistry (2013).

EM image of micelles: Reproduced with
permission from [119], © Royal Society of
Chemistry (2015).

controlled release profile of the cargo, high stability and proved efficacy regarding the encapsulation or adsorption
of both hydrophilic and hydrophobic molecules of diverse MW's [77]. Polymeric nanoparticles, either nanocapsules
or nanospheres, usually present spherical-shaped morphology, alongside with smooth surface, as represented in
Figure 1.

Nanofibers

Nanofibers are classically defined as 1D nanomaterials, which have a diameter in the range 1-1000 nm and length
of the order of 1000 nm and above [78]. In recent years, incorporation of functional bioactive materials [79], drug
molecules [80,81] and nano-sized particles [79-83] into nanofibers have attracted the interest of researches due to
their synergistic and hybrid characteristics. The incorporation of such systems into the nanofibers can provide
better performance due to the larger surface and capability to imitate complicated structures, while maintaining the
incorporated material properties and enhanced composite physical characteristics (84]. Nanofibers can be fabricated
in various morphologies depending on the intended application purposes. Examples of this include cylindrical
(Figure 1) 185,86], hollow (87, flat (s8], beads on a string [89], ribbon [88], grooved [90], porous [91], multichannel 921,
core—shell (93] and helical [94,95] structures.

Nanogels

Nanogels are defined as nanoscale dispersions of hydrogel particles, composed of swollen networks of hydrophilic
or amphiphilic polyionic polymers [96]. Oppositely to other polymeric nanosystems such as nanospheres, which
present a densely packed core, nanogels are characterized by softness properties and may comprise around 90%
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of water content upon swelling [97]. These materials are mostly used and ideal for association with hydrophilic
cargo molecules, although the literature data also report their re-engineering to incorporate hydrophobic com-
pounds [98,99]. Some of the key characteristics of nanogels include high cargo loading capacity and stability in
aqueous media, while keeping the buoyant density at reasonably low levels [100]. The release of the cargo from
the nanogel may occur through swelling or shrinking phenomena in response to surrounding stimuli that trigger
alterations in the network or gel-phase transitions of the nanosystem [101]. The morphology of polymeric nanogels
is usually round-shaped, as represented in Figure 1.

Polymersomes

Polymersomes are artificial vesicle-like structures composed of amphiphilic block copolymers, and analogs of
their lipid counterparts known as liposomes [102]. Polymersomes present an aqueous lumen surrounded by a bi-
layer membrane, which results from hydrophilic coronas located at both sides of the hydrophobic ring [103]. The
polymersomes structure arrangement possess regions of variable hydrophilicity and may be used to entrap both
hydrophobic and hydrophilic cargos [104]. The release of the cargo may occur immediately upon disassembly of the
nanosystem triggered by a chemical or physical stimulus, whereas the controlled release may be achieved by tuning
the permeability of the polymersome membrane according to its polymeric composition [105]. Polymersomes
are known to demonstrate enhanced colloidal stability, higher mechanical strength, as well as lower chemical
permeability compared with liposomes. They are also more robust and easily functionalized, and most of them
demonstrate intrinsic stealth properties [106,107]. Polymersomes exhibit a hollow sphere morphology typical of
vesicles, as represented in Figure 1.

Micelles

Micelles are nanomaterials that spontaneously self-assemble from amphiphilic copolymers to form core—shell
architectures [108]. The most common type of micelles described for biomedical applications are composed of
a hydrophilic exterior and hydrophilic interior [109]. The hydrophilic portion of the copolymer assumes a steric
protective shell enveloping the core, which in turn derives from the hydrophobic moiety and is sheltered from the
surrounding aqueous environment [110]. Most of the key characteristics of micelles are related to the shell since it is
able to prevent protein adsorption and opsonization [111]. Moreover, the corona of polymeric hydrophilic chains of
the shell stabilizes the core, which is widely used as a reservoir of hydrophobic cargos [112]. Generally, the size of the
hydrophilic tail of the copolymer is bigger than the one of the hydrophobic region, resulting in spherical-shaped
micelles, as represented in Figure 1. When the hydrophobic region is larger than the hydrophilic, diverse other
morphologies including rod- or lamellae-like structures are formed [113].

Polymeric nanosystems for therapeutic delivery & disease diagnosis
Therapeutic delivery
Cancer

Several authors have dedicated their efforts to investigate novel polymeric nanotechnology therapeutic approaches
for cancer malignancies. Coencapsulation has become the new fashion since it allows to synchronize tumor
multidelivery, taking advantage of the synergistic effect of cargos. Deng ez a/. approached the coencapsulation of
the tumor-suppressive molecule miR-34a and doxorubicin into nanoparticles of HA and CHI [120]. They verified
a considerable enhancement on the antitumor effect of doxorubicin against breast cancer cells, mainly due to
the suppression of expression of the antiapoptosis proto-oncogene Bcl-2 by miR-34a. Other authors explored the
arrangement of polymersomes of PCL and PEG to encapsulate paclitaxel and doxorubicin on their hydrophobic
ring and surrounding hydrophilic corona, respectively (Figure 2) [121]. Further functionalization of polymersomes
with folate ligand to target folic acid receptor on hepatoma cells resulted in a significantly higher 7z vivo tumor
growth inhibition (80%), compared with the free drug cocktail (54%) or nontargeted control (68%).

In another study, implantable electrospun PLA nanofibers were used as a multidelivery nanosystem of oxaliplatin
and fluorouracil for colorectal cancer in order to avoid local recurrence after surgery [122]. The authors verified
suppression of tumor recurrence and an ability to prolong the mice survival time more efficiently compared with the
intravenous control treatment. In regard to monoencapsulation therapies, Moran ¢t al. recently reported versatile
GEL nanoparticles for encapsulation of fluorouracil [123]. This system benefited from the naturally occurring RGD
motifs of GEL to target tumor cells, as well as the isoelectric point of the polymer, between 4.8 and 5.2, to minimize
the trafficking of the nanoparticles from endosomes to lysosomes. Since GEL is negatively charged at physiological
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Figure 2. Therapeutic delivery of paclitaxel and doxorubicin using folate-functionalized polymersomes of
poly(caprolactone) and poly(ethylene glycol) for chemotherapy of hepatocellular carcinoma. (A) Structure of the
nanosystem, in which a PEGylated distearoylphosphatidylethanolamine chain (DSPE-PEG[2000]) was used for the
functionalization strategy. (B) Mechanism proposed for the endocytosis of the nanosystem in folate
receptor-overexpressing BEL-7404 cells. (C) Representative in vivo bioluminescence images after treatment of mice
with the control (saline), free drugs, nontargeted loaded system (Co-PS) and targeted loaded system (FA Co-PS). (D)
Relative tumor volume after treatment of mice with the control (saline), free drugs, nontargeted loaded system
(Co-PS) and targeted loaded system (FA-targeted Co-PS).

*p < 0.05; **p < 0.01.

Co-P: Co-polymersome; DSPE: 1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine; FA: Folic acid; PCL:
Polycaprolactone; PEG: Polyethylene glycol.

Reproduced with permission from [121], © Acta Materialia Inc. (2017).

pH, it can interact with the oppositely charged cargo to facilitate the entrapment process. However, once the
nanosystem faces the acidic pH of endosomes, GEL becomes positively charged and immediately repulses and
releases the entrapped fluorouracil intracellularly. Mottaghitalab ez a/. explored the use of SF in the manufacture of
gemcitabine nanoparticles for the treatment of lung cancer (Figure 3) [(124]. The nanosystem targeting was achieved
through attachment of the SP5-52 peptide, which recognizes tumor antiangiogenic agents of lung cancer cells.
After intravenous administration, the targeted gemcitabine nanoparticles achieved enhanced survival rate and lung
tissue recover compared with the free drug and nontargeted control, which could be attributed to the ability of the
SP5-52 peptide to trigger the binding of targeted nanoparticles to the Flt-1 receptor, overexpressed on the surface
of lung cancer cells [124].

Infectious diseases

With respect to infectious diseases, polymeric nanosystems have demonstrated considerable potential in the treat-
ment of tuberculosis. Rawal ez 4/. explored CHI nanoparticles to deliver the frontline antitubercular drug rifampicin,
demonstrating their iz vivo ability to keep higher levels of drug concentration for a longer period of time, com-
pared with the nonencapsulated therapeutic [125]. Other authors used ALG polymer as matrix of nanosystems for
coencapsulation of rifampicin and another antitubercular drug, isoniazid [126]. [z vive mice studies revealed that
drugs loaded into ALG nanoparticles exhibited higher extent and rate of uptake by lungs in comparison with the
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Figure 3. Nanosystem of silk fibroin nanoparticles functionalized with the SP5-52 peptide for delivery of
gemcitabine to treat lung tumors. (A) Delivery nanosystem of SF nanoparticles loaded with Gem. (B) /n vivo mice
imaging after injection of targeted and nontargeted nanoparticles, compared with the noninjected group (control).
(C) Histopathological assessment of lung tissue after treatment, in which Groups 1, 2, 3 and 4 correspond to animals
injected with only phosphate-buffered saline (control), free drug, nontargeted and targeted nanoparticles,
respectively.

Gem: Gemcitabine; NP: Nanoparticle; SF: Silk fibroin.

Reproduced with permission from [124], © American Chemical Society (2017).

nonencapsulated therapeutics, which was explained by the more prolonged retention of the nanoparticles at the
target site, resulting in higher level of phagocytosis by alveolar macrophages. Upadhyay ez 4/. also approached a
strategy of combination therapy using micelles of PMA and PLA for delivery of rifampicin and isoniazid [127]. The
effectiveness of these loaded micelles was tested 7 vitro against susceptible and resistant Mycobacterium tuberculosis
strains, with considerably lower values of minimal inhibitory concentration obtained for the nanosystem compared
with the nonencapsulated drugs. Nanosystems of biocompatible polymers have also driven the development of
novel therapy approaches to fight HIV infection. Gong ez al. proposed the encapsulation of the antiretroviral elvite-
gravir in a PLGA nanosystem that was able to enhance the intracellular concentration of the drug in HIV-infected
monocytic cells, as well as the viral suppression ability in HIV-infected primary macrophages (128]. In another study,
a PLGA nanosystem was also developed to formulate tenofovir disoproxil fumarate, in an attempt to enhance the
oral absorption of this drug [129]. A relative fold increase of 6.8 and 1.7 was verified for the oral bioavailability and
mean residence time of the tenofovir disoproxil fumarate-loaded nanosystem, respectively, compared with the free
drug. Efavirenz is an example of another antiretroviral that has been delivered to HIV by means of biocompatible
polymeric nanosystems [130,131].

Metabolic disorders

The application of polymeric nanosystems in the treatment of metabolic disorders has turned the efforts toward
diabetes mellitus. Chou ez al. proposed a polymeric nanogel of CHI as an injectable delivery system for insulin,
in order to achieve a long-term management of the basal levels of this peptide hormone (Figure 4) (132]. Lysozyme
was strategically included in the system, envisaging gel disassembly and consequent insulin release due to the
digestion of glycosidic bonds of CHI by the enzyme. The authors verified that a single injection of the nanogel
formulation in a diabetic mouse model was able to keep the blood glucose at considerably lower values compared
with the administration of free insulin, in a time period of 10 days [132]. Alibolandi ez 4l. investigated another type
of nanosystem to deliver insulin based on polymersomes of DEX and PLGA [133]. Studies conducted in diabetic
rats evidenced that the drug bioavailability increased from 0.62 to 9.77% for the same orally administered dosage
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Figure 4. Polymeric nanogel of chitosan and lysozyme to deliver insulin in the context of diabetes mellitus. (A)
Illustration of the developed nanosystem. (B) Release of insulin from CHI gels without lysozyme (insulin-CHI-gel), with
10 ng/ml lysozyme (insulin-10Lys-CHI-gel), with 100 pg/ml lysozyme (insulin-100Lys-CHI gel) or with human serum
albumin control at 10 ug/ml. (C) Blood glucose levels of diabetic mice treated with phosphate-buffered saline
solution control (blank), insulin-loaded CHI gel with 10 ug/ml lysozyme (insulin-10Lys-CHI gel), insulin-loaded CHI gel
without lysozyme (insulin-CHI gel), free insulin and unloaded CHI gel with 10 ug/ml lysozyme (10Lys-CHI gel).

CHI: Chitosan.

Reproduced with permission from [132], © Elsevier B.V. (2015).

of free insulin and insulin-loaded polymersomes, respectively. A plethora of other alternatives have emerged in the

field of diabetes therapy, with novel nanosystems proposed for the encapsulation of antidiabetic therapeutics as

exenatide [134-136], metformin [137] or glucagon-like peptide-1 [138]. Osteoporosis has also been focus of attention in

recent literature (139]. Dong er al. suggested a nanosystem of polymeric nanoparticles of CHI and HA to codeliver

alendronate and curcumin as a bone antiresorptive therapeutic and density enhancer, respectively [140). /2 vitro results
confirmed the potential of the loaded nanosystem to promote proliferation, differentiation and mineralization in
the extracellular matrix of the preosteoblastic model of MC3T3-E1 cells, thus triggering active bone formation.
Other authors explored the use of intravenous PLGA nanoparticles to deliver RANK siRNA, which is a gene silencer
of the RANK receptor, also known as receptor activator of NF-kB, and related to the differentiation and activation
of osteoclasts [141]. Significant in vive reductions in the order of 50% were observed in the levels of RANK mRNA,

differentiation of osteoclast precursors to mature osteoclasts, and osteoclastic activity. In another study, Narayanan
et al. approached the encapsulation of the human parathyroid hormone 1-34 in CHI and PEG nanoparticles [142].

Following oral administration in rats, the nanosystem provided a bioavailability of around 100 pg/ml, whereas the
free hormone was only able to reach a maximum of 30 pg/ml. These findings stressed out the ability of the chosen

nanoparticles to trigger intestinal uptake of the therapeutic from the digestive tract of the animals.
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Figure 5. Targeted nanosystem of poly(lactic-co-glycolic acid) and poly(ethylene glycol) to deliver deferoxamine to
the brain and trigger reversibility of functional deficits in Parkinsonian mice. (A) Manufacture of PLGA and PEG
nanoparticles loaded with DFO and functionalized with a peptide derived from the rabies virus glycoprotein (RVG29),
which binds the nicotinic acetylcholine receptor of the blood-brain barrier. RNP-DFO represents the final nanosystem.
(B) Representative confocal images of the substantia nigra of treated mice, in which the Cy5.5 florescent dye was
encapsulated in the nanoparticles to mimic the drug. The animals were treated with free Cy5.5, nontargeted and
targeted Cy5.5 nanoparticles (NP-Cy5.5 and RNP-Cy5.5, respectively). Hoechst and TH were used to stain the nuclei
and neurons, respectively. (C) Quantitative measurement of Cy5.5 fluorescence related with the confocal analysis.
**p <0.01.

DFO: Deferoxamine; PEG: Poly(ethylene glycol); PLGA: Poly(lactic-co-glycolic acid); TH: Tyrosine hydroxylase.
Reproduced with permission from [148], © American Chemical Society (2018).

CNS diseases

Among the reasons for the inadequacies in current therapies, the crossing of the blood—brain barrier (BBB) is one of
the biggest challenges in what concerns therapeutic delivery to the brain, even under disease conditions [143]. Sun ez 4/.
presented a polymeric nanosystem of polysorbate 80-coated PLGA nanoparticles to deliver the neuroprotective
puerarin to the brain, suitable for ischemic cerebrovascular disease [144]. After intravenous administration, the
nanosystem exhibited a maximum concentration in the brain of treated rats of around 150 ng/ml, compared with
a value of approximately 75 ng/ml for the free therapeutic. Coating with polysorbate-80 promotes the adsorption
of apolipoproteins B and E on the surface of nanoparticles, hence triggering their transport to the brain through
interaction with the low-density lipoprotein receptor of the BBB [145]. The same effect may be achieved by a
coating with poloxamer 188 [146], which was used by Khalin ¢z 2/ in the development of an intravenous PLGA
nanosystem to deliver the neurotrophic factor to traumatic brain injury [147]. The authors verified a significant
increase in the levels of the neurotrophic factor in both ipsilateral and contralateral hemispheres of the injured
brain of mice, compared with the free therapeutic. Other authors focused their research on the development of
intravenous nanoparticles of PLGA and PEG to deliver deferoxamine, in order to prevent oxidative stress occurring
from the excess of iron deposition in the brain under Parkinson’s disease (Figure 5) [148]. The nanoparticles were
targeted to the brain via functionalization with a peptide derived from the rabies virus glycoprotein, which binds
the nicotinic acetylcholine receptor of the BBB. The investigation of oxidative stress indicators, as reactive oxygen
species, demonstrated that their levels in the brain of parkinsonian mice were significantly reduced by the loaded
nanoparticles, compared with the free deferoxamine [148].
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Zhang ez al. envisaged an intravenous PLA and PEG nanosystem to deliver the B-sheet breaker peptide H10,
dual-functionalized with the TGN shuttle and QSH peptides to target the BBB and brain AB42, respectively,
for Alzheimer treatment [149]. The nanosystem promoted considerable enhancements on the spatial learning and
memory of diseased mice, while the free therapeutic reached only a certain degree of improvement. Qi ez a/. focused
on the therapy of acute spinal cord injuries, proposing intravenous nanoparticles of DEX modified with ibuprofen
to deliver methylprednisolone, with further evaluation of treated rats in regard to the hindlimb motor function [150].
The authors demonstrated significant improvements in tilt angles and Tarlov scores of rats treated with the loaded
nanoparticles, in comparison with animals treated with free methylprednisolone.

Disease diagnosis

Polymeric nanosystems can be used to encapsulate contrast agents such as barium, iodine and gold, or labeled with
radioisotopes for medical imaging applications. The application of contrast agent-loaded nanoparticles reduces
the rapid distribution and elimination of the contrast species, which minimize adverse reactions such as renal
toxicity [151]. Imaging modalities benefiting from polymeric nanoparticles used as contrast agents include positron
emission tomography (PET), MRI and x-ray imaging. PET is an imaging modality used to detect intravenously
injected nanoparticles labeled with a positron-emitting radioisotope, such as '8F and ®*Cu. DEX nanoparticles
labeled with ®*Cu were previously employed to monitor inflammation in atherosclerotic plaque [152], whereas
polystyrene latex nanoparticles coated with the same radioisotope were used to image the uptake of therapeutics
by lung tissue in patients with acute and chronic respiratory diseases [153]. Iron oxides have been encapsulated into
polymeric nanoparticles as novel MRI contrast agents, which is the case of intravenously injected PAM nanoparticles
containing iron oxide crystals that were used for MRI of brain tumors in rats [154]. Surface modification of the
nanoparticles with PEG chains has been reported to improve the nanosystem plasma half-life, which lead to
longer lasting MRI imaging [154]. Regarding x-ray, core—shell nanoparticles of poly(2-methacryloyloxyethyl[2,3,5-
triiodobenzoate]) /g-Fe; O3 and iodine-loaded nanosystems were described as a tool to image several physiologic
architectures such as liver, kidney, spleen and lymph nodes in animal models [155].

Fluorescent nanosensors are optical-based sensors typically used for assessment of subcellular biochemical param-
eters [156]. Nanosensors that entrap sensing elements based on the matrix pore size generally utilize reduction in pore
dimension, through alteration of the composition of the polymeric matrix, in order to physically limit fluorophore
escape. Entrapping fluorophores in this manner is ideally suited to nanoparticle matrices, which maintain a rigid
structure and do not swell or deform when in circulation for extended periods [157). Almdal e /. have reported
that PAM-based nanoparticles, prepared by embedding fluorophores within the nanosensors matrix, can leach 50%
of their fluorophores within 20 h [158]. Another approach consists of covalently link fluorophores directly to the
nanoparticle matrix, to eliminate uncertainties of fluorophore loss [159]. Ow ez al. have shown that conjugation
of fluorescent dyes to a core—shell nanoparticle can enhance brightness of a nanosensor by up to 20-times greater
than the constituent fluorophore (160]. This has been attributed to the exclusion of solvent-based interferences.
Due to the versatility of the nanosensor matrix, and its ability to shield sensing elements, arrays of sophisticated
fluorescence sensing techniques are being developed. Doussineau ez al. reviewed the range of sensing elements
that have and are being developed for fluorescent nanosensors, which include reversible analyte binders, dynamic
collisional quenchers and receptor-mediated elements [161]. Fluorescent nanosensors have been reported for the
detection of: key biochemical molecules such as glucose [162], calcium [163] or adenosine triphosphate [164]; metals
such as iron [165] or mercury [166]; and macromolecules such as proteins [157,167) or nucleic acids [168].

Translation into clinics: current challenges

Despite the diversity of therapeutic and/or diagnostic applications that have been described for polymer nanotech-
nology systems, the translation into clinics is still behind expectations. One of the eminent challenges in regard
to this matter is the poor control over design features of the nanosystems, in which the so-called protein corona
plays a key role. As extensively reviewed elsewhere [169-171], polymer nanotechnology systems are expected to be
promptly coated by a dynamic and multicomposition layer of endogenous proteins after administration, which
seems to be both patient- and nanosystem-specific. This layer has the capacity to alter the surface properties of the
designed nanosystem and change its predicted biological fate in a dramatic manner, turning the preclinical studies
insufficient to give precise data about the concrete potential of the nanosystem [172). It is therefore of uttermost
importance to unveil the mechanisms behind protein corona formation and exact composition for each specific
type of nanosystem, which is further expected to give insights on how to design novel nanosystems accounting
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Figure 6. Polymer nanotechnology workflow from polymer synthesis to nanosystem translation challenges.

for the impact of the protein corona a priori. Despite great efforts, testing models mimicking protein corona
formation 7z vive to challenge the developed nanosystems are still missing. On the other hand, the research field
would benefit from the standardization of protocols to fully develop and characterize each novel nanosystem in
the preclinical phase, hence avoiding disparity of experimental conditions and data among different studies. Steps
toward this have been recently initiated with the proposal of the Minimum Information Reporting in Bio-Nano
Experimental Literature reporting standards, termed MIRIBEL [173]. These reporting standards are based on a
checklist that allows better reproducibility and quantitative research, presenting minimal requirements for a good
publication practice in the bio—nano field and divided in: material characterization, biological characterization
and details of experimental protocols. For instance, in the case of in vivo experiments, the age and gender of
animals may have a significant impact on the therapeutic and/or diagnostic outcomes, which, if not accounted for,
make comparisons difficult. Besides this, laboratory methods for polymer nanotechnology production are often
associated with limited material scaling and purity degree, hence causing major quality change from batch-to-batch
and low-throughput [174]. Thus, other aspects that pose a challenge to the translation of polymer nanotechnology
systems are the lack of scale-up and GMP manufacturing methods. Finally, bridging the gap between polymer
nanotechnology development and clinics would involve to ameliorate the in vitro/in vivo correlation [175,176). In
vitro data are usually associated with poor prediction of the nanosystem fate iz vivo, and this elucidates the need to
exploit more advanced human-mimicking or human-derived iz vizro models with capacity to recapitulate disease
features such as cell heterogeneity, cell—cell/—extracellular matrix interactions and tissue architecture in a more
realistic manner.

Figure 6 summarizes the different steps of polymer nanotechnology development from polymer synthesis to
nanosystem translation challenges.

Conclusion & future perspective

In summary, natural and synthetic polymers have demonstrated great potential for the manufacture of diverse
nanomaterials and the consequent development of future translative therapies and diagnostics. Due to the chemical
versatility, size tunability and assembly into a variety of structures, polymers have augmented the development
of multipurpose nanomaterials for key health burdens such as cancer, infectious, metabolic and nervous system
diseases. Recent literature evidences multiple biomedical advantages of these nanomaterials, which result in: effective
delivery of therapeutic cargos to the targeted disease, subcellular diagnosis of key biological parameters and avenues
open to a combined theranostic potential. However, the translation of polymeric nanotechnology into clinics
is still poor when considering the vast number of applications that have been published in the recent years.
Translation drawbacks often include poor understanding of the protein corona-nanosystem interaction, lack of
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protocol standardization, limited scale-up and GMP-grade production methods, as well as misleading preclinical
assessment due to the use of poorly realistic 7z vitro models. Despite the promising potential of biocompatible
polymers to develop novel nanosystems, research efforts should now focus on ways to move the nanosystems that

have been developed from the bench to the bedside.

Executive summary

Biocompatible polymers for nanotechnology applications

e There is currently a range of possibilities of biocompatible polymers, either natural or synthetic, to construct
therapeutic delivery and diagnostic nanosystems.

e Among the different possibilities, the criteria to choose the polymer are based on the desired biological
application of the nanosystem and take into consideration the properties of the material such as availability of
chemical groups in the prospect of surface functionalization or type of biodegradation.

Polymeric nanosystems

e The progress in the nanotechnology field has allowed the development of nanosystems, ranging from fiber- to
gel-like structures, which may be selected according to the properties of the loaded cargo such as spatial volume,
hydrophilicity and type of release.

Polymeric nanosystems for therapeutic delivery & disease diagnosis

e Polymeric nanosystems have benefited the area of therapeutic delivery by providing more effective therapeutic
solutions for key health burdens due to precise/targeted drug delivery and reduction of side effects, enhanced
pharmacokinetic and pharmacodynamic drug properties, possibility of drug sustained release and drug
protection against clearance.

e Advancements have also been accomplished in the field of disease diagnosis, since polymeric nanosystems allow a
controlled and/or less toxic body distribution of loaded contrast agents/radioisotopes, as well as the
development of fluorescent nanosensors that access intracellular compartments and evaluate fundamental
subcellular biochemical parameters.

e The translation of these nanosystems into the clinics still requires great efforts, mainly focused on adopting
suitable scale-up/GMP manufacturing protocols and using more realistic human-like preclinical models.
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Formulating protein therapeutics into nanoparticles (NPs) of poly(lactic-co-glycolic acid) (PLGA) provides
key features such as protection against clearance, sustained release and less side effects by possible at-
tachment of targeting ligands. These NPs also offer the potential for protein combination therapy, which is
expected to exploit synergetic bioresponses, avoid multiple dosage regimens and consequent mis-dosing.
Since the conventional manufacture of protein-loaded PLGA NPs is still associated with low-throughput,
new continuous manufacturing methods such as microfluidics have been established. Herein, PLGA NPs
continuously manufactured through microfluidics are proposed for co-formulation and -delivery of two
model proteins consisting of bovine serum albumin (BSA) conjugated to either fluorescein (FITC) or tetra-
methylrhodamine (TRITC) isothiocyanates. Protein co-formulated NPs of 100 nm, monodispersed and with
70% of association efficiency were obtained. The microfluidic setup allowed a production rate of around 7
g of particles per day and demonstrated scale-up capacity. Model proteins were released in a controlled
manner and without significant changes in their secondary structure. Studies in macrophage-like cells
proved that protein co-formulated PLGA NPs did not impair metabolic activity (>70%). The cellular associa-
tion of the proteins was around 2-times higher when co-formulated into PLGA NPs, compared to the free
protein controls. Moreover, the cellular association of the co-formulated proteins was 4-times higher than
the physical mixture of NPs individually loaded with each protein type. This work has demonstrated the ef-
fectiveness of continuously manufactured PLGA NPs for co-formulating and enhancing the cellular associ-
ation of co-delivered model proteins, providing a proof-of-concept foundation for future protein combi-
nation nanotherapies.
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specificity.” Protein-based therapeutics have therefore been
widely investigated for the treatment of various diseases, with

1. Introduction

The protein therapeutic market is an important segment of
the pharmaceutical industry and is anticipated to be worth
$230 billion by 2021." The exponential growth of this market
is correlated with the superior therapeutic performance over
small-molecule drugs, which is due to higher bioactivity and

%138 - Instituto de Investigacdo e Inovacdo em Saude, Universidade do Porto, Rua
Alfredo Allen 208, 4200-393 Porto, Portugal

b INEB - Instituto de Engenharia Biomédica, Universidade do Porto, Rua Alfredo
Allen 208, 4200-393 Porto, Portugal. E-mail: bruno.sarmento@ineb.up.pt;

Tel: +351 220408800

“School of Pharmacy, Boots Science Building, University of Nottingham, NG7 2RD
Nottingham, UK. E-mail: jon.aylott@nottingham.ac.uk; Tel: +44 (0) 0115 9516229
9 ICBAS - Instituto Ciéncias Biomédicas Abel Salazar, Universidade do Porto, Rua
de Jorge Viterbo Ferreira 228, 4050-313 Porto, Portugal

¢ CESPU - Instituto de Investigacd@o e Formagcdo Avancada em Ciéncias e
Tecnologias da Satde, Rua Central de Gandra 1317, 4585-116 Gandra, Portugal
7 Inovapotek - Pharmaceutical Research and Innovation, UPTEC, Science and
Technology Park of University of Porto, Rua Alfredo Allen, no. 455/461, 4200-135
Porto, Portugal

This journal is © The Royal Society of Chemistry 2019

more than 200 Food and Drug Administration (FDA)-ap-
provals for clinical use since 1980.*

Although proteins hold great potential as therapeutics,
their delivery poses a significant challenge. Protein therapeu-
tics are highly affected by physiological conditions, which
may compromise their stability and trigger their proteolytic
degradation, opsonization, as well as complexation with bio-
logic products leading to conformational changes and conse-
quent loss of function.* Moreover, lipophilic cell membranes
restrict the passage of proteins with intracellular targets,
which are subject to challenges in interacting with cells and
accessing sub-cellular compartments.” As a result, protein
therapeutics can be diverted away from their target, resulting
in side effects emerging from off-site accumulation and the
need for repeated administrations. Polymer-based nano-
particles (NPs) have been identified as a promising strategy
to circumvent these drawbacks by offering a protective vehi-
cle for the formulation of protein therapeutics. This is
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because, they have been found to prevent the rapid clearance
of the protein therapeutics whilst providing their controlled
release over time.*” The FDA-approved poly(lactic-co-glycolic
acid) (PLGA) polymer is the most widely utilized polymer for
protein therapeutic-loaded NPs with biodegradable and bio-
compatible properties.® PLGA is a surface-functionalizable
polymer that allows further attachment of a variety of
targeting ligands, which are key to inducing higher accumu-
lation of the NPs at the target site, therefore reducing poten-
tial side effects.” However, conventional bulk processes for
synthesis of protein therapeutic-loaded PLGA NPs are often
related to slow- and low-throughput, unsuccessful association
efficiency and lack of batch-to-batch consistency.'®'" These
pitfalls are being overcome by the rapid development of con-
tinuous manufacturing methods such as microfluidics that
offer the possibility of precisely control the particle-formation
environment and enable the production of PLGA NPs with
tunable physicochemical characteristics and higher drug
loading capacity, as well as monodisperse batches.'**
Microfluidics also allows a reproducible, time-saving up-scale
manufacturing of NPs, which is crucial to reach industrial
and clinical batch sizes.'®

Another  challenge  with  manufacturing  protein
therapeutic-loaded PLGA NPs is the harsh environment en-
countered when employing the double emulsion systems
commonly used in the formulation process. The shear stress
inherent to the immiscibility of the phases involved in these
systems leads to the interfacial adsorption of proteins, which
is the major cause of their denaturation."®'” Typical
nanoprecipitation-based processes would be more appropri-
ate due to the absence of oily-aqueous interfaces, although
they are mostly designed for the formulation of highly hydro-
phobic cargos.’® Some authors have introduced modifica-
tions in the nanoprecipitation process to accomplish the for-
mulation of hydrophilic compounds into hydrophobic
polymeric matrices, however, these modifications generally
require more complex co-solvent systems.'>*

The development of PLGA NPs for protein delivery has
made notable advances, while their potential to co-formulate
protein therapeutics and perform combination therapy is yet
to be fully investigated. Co-formulation of multiple therapeu-
tics into polymeric NPs is expected to simplify delivery to pa-
tients by reducing multiple dosage regimens, achieve syner-
getic bioresponses by tuning the ratio of the loaded cargos, as
well as to provide a simultaneous targeting to multiple thera-
peutic active sites.”> Combination therapy may be particularly
useful for multi-cytokine treatments, since immune responses
trigger several biochemical cascades in which many molecular
networks need to be targeted simultaneously.>®

Bovine serum albumin (BSA) is an ideal protein candidate
for preliminary model studies due to its relatively high mo-
lecular weight (around 66.5 kDa) and economical price
point.”” The conjugation of fluorochromes as either fluores-
cein (FITC) or tetramethylrhodamine (TRITC) isocyanates
with BSA is well known to significantly change its physico-
chemical properties, which produces fluorochrome-
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dependent protein profiles.*® For example, protein solubility
can be considerably altered by the labelling fluorochrome,
due to a net-increase in the total number of attractive sites in
the protein-fluorochrome system, as reported by Quinn
et al.*® Therefore, BSA-FITC and BSA-TRITC can be distin-
guished from each other and from the unlabelled BSA with
respect to their physiochemical characteristics and used as
two different model proteins, to study continuous
manufacturing and encapsulation into polymeric NPs.

This study reports PLGA NPs for all-in-one co-formulation
and -delivery of two models of protein therapeutics consisting
of BSA-FITC and BSA-TRITC. The study addresses continuous
manufacturing by investigating a microfluidic modified-
nanoprecipitation technique for the production of protein co-
formulated PLGA NPs, with further assessment of their impact
in the association of the cargos with macrophage-like cells.

2. Experimental
2.1 Materials

The X-junction microfluidic device (Quartz Droplet Junction
Chip, 190 um etch depth) was acquired from Dolomite
(Royston, UK). BSA-FITC, BSA-TRITC, Tween®-80, sodium chlo-
ride, phosphate buffered saline (PBS), phorbol 12-myristate 13-
acetate (PMA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were acquired from
Sigma-Aldrich (St. Louis, MO, USA); acetone from Thermo
Fisher Scientific (Waltham, MA, USA); high glucose with
ultraglutamine Dulbecco's modified Eagle medium (DMEM)
from Lonza (Basel, Switzerland); Triton X-100 from Spi-Chem
(West Chester, PA, USA); and fetal bovine serum (FBS) and pen-
icillin-streptomycin from Gibco (Waltham, MA, USA). Acid-
terminated PLGA polymer (50:50 lactic to glycolic ratio, molec-
ular weight of 10 kDa) was kindly provided by Dr Mohammad
Al-Natour and its synthesis was described elsewhere.*”

The human monocytic leukaemia THP-1 cell line was pur-
chased from ATCC (Manassas, VA, USA).

2.2 Methods

2.2.1 Nanoparticles manufacturing and process optimiza-
tion. The organic phase wused for the microfluidic
manufacturing of the NPs consisted of a mixture of PLGA in
acetone, for which the concentration was optimized between
0.25% and 1% w/v. The aqueous phase, in turn, was kept as a
2% w/v solution of Tween®-80, and both BSA-FITC and BSA-
TRITC were added to this phase to obtain protein-loaded
PLGA NPs. For the BSA-FITC and BSA-TRITC individual for-
mulation, a concentration of 33 ug mL™ and 67 ug mL™" of
BSA-FITC and BSA-TRITC in the 2% w/v solution of Tween®-
80, respectively, was used. Whereas, for the BSA-FITC and
BSA-TRITC co-formulation, a concentration of 25 ug mL™
and 8 ug mL™" of BSA-FITC and BA-TRITC in the 2% w/v solu-
tion of Tween®-80, respectively, was used.

The microfluidic chip displayed a three-inlets X-layout, in
which the organic and aqueous phases were injected through
the central and the two outer inlets, respectively (Fig. 1). The
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total flow rate was varied from 25:75 to 500:1500 pL min™*
regarding the organic:aqueous phases. Each experiment was
conducted until 10 mg of PLGA NPs were produced (equiva-
lent to 2 min run time using the final flow rate conditions).
NPs were washed three times with ultrapure water and recov-
ered by ultrafiltration using Amicon Ultra-15 centrifugal filter
units (Merck Millipore, Billerica, MA, USA) with a molecular
weight cut-off (MWCO) of 100 kDa.

Scale-up experiment. A scale-up experiment was performed
in relation to the mass of PLGA in the final batch of
unloaded NPs. The batch size was scaled 5- and 25-times, cor-
responding to a final mass of PLGA of 50 mg and 250 mg,
respectively.

2.2.2 Characterization of nanoparticles

Mean particle size, size distribution and surface charge. NPs
were characterized for their average size (Z-average) and poly-
dispersity index (PDI) by dynamic light scattering (DLS), and
zeta-potential ((-potential) through laser Doppler anemometry
(LDA), using a Malvern Zetasizer Nano ZS instrument
(Malvern Instruments Ltd., Worcestershire, UK). For these
measurements, samples were diluted (1:100) in an ionic so-
lution of 10 mM sodium chloride.

Association efficiency. The amount of loaded BSA-FITC and
BSA-TRITC was directly quantified in order to determine the
association efficiency (AE) of the developed nanosystems. The
calculation of AE followed eqn (1).*!

Quantified loaded mass of BSA
Initial mass of BSA

AEgsa (%) = x100 (1)

The amount of loaded BSA-FITC and BSA-TRITC was
spectrophotometrically quantified after the extraction of the
proteins from the matrix of the NPs according to a protocol

Fig. 1 Schematic representation of the microfluidic setup.
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adapted from.?> Briefly, the protein-loaded NPs were treated
with a solution of 3 M NaOH for 24 h at 100 rpm in an or-
bital shaker (Thermo Scientific, Madison, WI, USA), to pro-
mote the disaggregation of the polymeric matrix and release
of the associated BSA-FITC and BSA-TRITC. The suspension
was then sonicated for 1 h and centrifuged at 14 000 rpm for
15 min (Hermle Z 300, Hermle Labortechnik GMBH,
Wehingen, DE). The supernatant was filtered through a 0.22
pm syringe filter (Millex® GP, Millipore, Bedford, MA, USA).
The absorbance of the filtrate was read in a Varian Cary® 50
Bio UV-VIS spectrophotometer (Agilent Technologies, Stock-
port, UK) at 488 nm and 543 nm for the detection of BSA-
FITC and BSA-TRITC, respectively.

Morphology. The morphological features of the NPs were
analyzed by transmission electron microscopy (TEM) using a
Philips Tecnai BioTwin-12 microscope (FEI, Eindhoven, NL)
at an accelerating voltage of 120 kV. Images were recorded
using a Gatan SIS Megaview IV digital camera (Gatan Inc.,
Warrendale, PA). Samples were prepared by dropping 20 uL
of the suspension of the NPs onto a 300-mesh copper grid
and negatively-stained with 20 uL of 1% w/v uranyl acetate.

2.2.3 In vitro release study. To investigate the in vitro pro-
tein release profile, PLGA NPs formulated with BSA-FITC (55
mg) and BSA-TRITC (55 mg) or co-formulated with BSA-FITC
and BSA-TRITC (140 mg) were dispersed in PBS, pH 7.4, to
reach the total volume of 2 mL. The samples were then
stirred at 37 °C and 100 rpm in an orbital shaker incubator
(Incu-Shake MINI, SciQuip, Staffordshire, UK). Aliquots of 1
mL were collected at specific time points (0.25, 0.5, 0.75, 1,
1.5, 2, 2.5, 3, 4, 5 and 24 h) during the assay, and the with-
drawn volume was replaced with pre-heated PBS, pH 7.4, to
maintain sink conditions. All the collected aliquots were
centrifuged at 14000 rpm for 15 min, and the

@ BSA-FITC
@ BSA-TRITC

PLGA nanoparticles
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spectrophotometric absorbance of the supernatant was read
at 488 nm and 543 nm for the detection of BSA-FITC and
BSA-TRITC, respectively.

2.2.4 Structural stability of the released proteins. Alter-
ations in the secondary structure of the total protein content
released from PLGA NPs were assessed by circular dichroism
(CD) spectroscopy. PLGA NPs individually formulated with
BSA-FITC (55 mg) and BSA-TRITC (55 mg) or co-formulated
with BSA-FITC and BSA-TRITC (140 mg) were dispersed in
PBS (pH 7.4, 2 mL). The samples were then stirred at 37 °C
and 100 rpm in an orbital shaker incubator (Incu-Shake
MINI, SciQuip, Staffordshire, UK) for 24 h. After centrifuga-
tion at 14 000 rpm for 15 min, the supernatant was concen-
trated to 240 pg mL™" of protein by ultrafiltration using
Amicon Ultra-15 centrifugal filter units (Merck Millipore, Bil-
lerica, MA, USA) with a MWCO of 10 kDa. The spectral profile
of each sample was compared with the respective native and
denatured (90 °C, 1 h) controls. The concentration of native
and denatured controls was defined as 1 mg mL™ and 200
pug mL™', respectively. The ellipticity value of proteins was
scanned over 200-260 nm wavelength using an Aviv Model
400 spectrometer (Aviv Biomedical Inc, Lakewood, New Jer-
sey, USA). A quartz cell was used, and the bandwidth and
time-per-point were 1 nm and 1 s, respectively. The mean res-
idue ellipticity (MRE) was calculated according to eqn (2).*

(Hsamp]e - emedia) x MW

MRE =
(N-1)x1xC

©)

where 0 is the raw ellipticity value (mdeg), MW is the molecu-
lar weight of BSA (66.5 kDa), N is the number of residues of
BSA (583), 1 is the cuvette path length (1 mm), and C is the
protein concentration in mg mL ™. The o-helix percentage
was also calculated according to eqn (3).>*

~MREgnm — 4000

o-helix (%) = — =000 - 2000

®)

2.2.5 Cell culturing. THP-1 cells were grown in suspension
in tissue culture flasks (passage 14-25). The cells were
maintained in DMEM medium containing FBS (10%, v/v) and
penicillin-streptomycin (1%, v/v). Cultures were kept in an in-
cubator (CellCulture CO, incubator, ESCO GB Ltd., Downton,
UK) at 37 °C with 5% CO,, in a water saturated atmosphere.
After reaching confluency, cells were centrifuged and split
into new tissue culture flasks.

2.2.6 Cellular metabolic activity assay. The influence of
samples on metabolic activity was assessed in macrophage-
like cells differentiated from the THP-1 cell line using the
MTT assay. THP-1 cells were seeded in a 96-well plate (1 x 10°
cells per well) in 200 uL complete DMEM medium at a PMA
concentration of 10 ng mL ™" in order to induce their differen-
tiation into macrophage-like cells.*® After 24 h of incubation,
medium was removed and cells were washed twice with 200
uL PBS, pH 7.4. Then, cells were incubated with the samples
in concentrations of 0.03 uM, 0.003 uM and 0.0003 puM (in
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medium) determined in relation to the proteins, for 24 h. Af-
terwards, solutions were discarded, cells were washed with
200 pL PBS, pH 7.4, and treated with 200 pL of MTT solution
(0.5 mg mL™, in medium), during 4 h in the dark. Formazan
crystals, resulting from the reduction of MTT by viable cells,
were solubilized with 100 puL of DMSO, with of 20 min gentle
shaking at 100 rpm at room temperature. The absorbance
was measured at 590 nm and 630 nm. A negative control
(NC), consisting of cells incubated with 1% of Triton X-100 in
medium solution (0% of metabolic activity), and a positive
control (PC), consisting of cells incubated only with medium
(100% of metabolic activity), were also prepared and treated
similarly to the sample wells. Metabolic activity was
expressed as a percentage compared to the controls
according to eqn (4).

. . Experimental value - NC
Metabolic activity (%) = P PC-NC X100 (4)

2.2.7 Cell-nanoparticle interaction. The influence of pro-
teins in their free form or formulated into PLGA NPs on cell
association was investigated through flow cytometry analysis
in macrophage-like cells differentiated from the THP-1 cell
line following a protocol previously developed by Costa
et al®>® THP-1 cells were seeded in a 24-well plate (5 x 10°
cells per well) in 1 mL complete DMEM medium at a PMA
concentration of 10 ng mL™" in order to induce their differen-
tiation into macrophage-like cells.*® After 24 h, cells were
washed twice with pre-warmed 1 mL PBS, pH 7.4, and incu-
bated with samples (0.03 puM, determined in relation to the
proteins) in 500 uL DMEM for 3 h at 37 °C. After incubation,
the cells were washed twice with 1 mL PBS, pH 7.4, and de-
tached with 90 pL trypsin—-EDTA. The cells were then washed
with 1 mL complete medium and PBS, pH 7.4, through cen-
trifugation at 1300 rpm during 5 min, and fixed with 4% w/v
paraformaldehyde (PFA) in PBS, pH 7.4, for 10 min. PFA was
removed through centrifugation washes. Finally, cells were
resuspended in PBS, pH 7.4, and placed in cytometer tubes.
The quantification of proteins associated with macrophage-
like cells was done using a FACSAria I cytometer (BD Biosci-
ences, San Jose, CA, USA). The results were analyzed using
the FlowJo vX.0.7 software.

2.2.8 Statistical analysis. The results were represented as
mean + standard deviation from a minimum of three indepen-
dent experiments. The statistical analysis was performed by
one-way analysis of variance (ANOVA) followed by a post hoc test
(Tukey's honestly significant difference). Differences were con-
sidered significant at *p < 0.05, **p < 0.01, or ***p < 0.001.
The statistical analysis was carried out using GraphPad Prism 7
(GraphPad Software Inc., San Diego, CA, USA).

3. Results and discussion

In this work, PLGA NPs were co-formulated with BSA-FITC
and BSA-TRITC via a microfluidic modified-nanoprecipitation
technique. The manufacturing of these NPs was performed
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using a X-junction microfluidic chip. An acetone organic
phase consisting of PLGA polymer and an aqueous solution
of Tween®-80 were used. The standard nanoprecipitation
methodology was first described by Fessi et al.’” who detailed
how materials for delivery could be solubilized in the organic
phase. In this article, it is shown that the BSA-FITC and BSA-
TRITC model proteins can also be included in the aqueous
Tween®-80 solution.

The continuous manufacturing of polymeric NPs using
microfluidics is a highly versatile technique in which many
parameters must be optimized in order to produce the de-
sired particulate system. Therefore, to clarify the manufactur-
ing method, the influence of PLGA concentration in the or-
ganic phase and total flow rate of the system was investigated,
whilst maintaining the ratio of organic:aqueous solvent
phase and aqueous phase concentration of Tween®-80.

An increase in the PLGA concentration of the organic
phase from 0.25% w/v to 1% w/v produced a significant in-
crease (*p < 0.05) in the Z-average of NPs from around 110
nm to 140 nm, respectively (Fig. 2A). This increase in size can
be explained by the rise in the number and consequent fu-
sion of PLGA chains within the vicinity of nucleation sites
during particle formation.*® PDI values lower than 0.2 across
the same range of concentrations (Fig. 2B) demonstrated size
distribution uniformity of all NP populations, which is a typi-
cal characteristic of microfluidic-produced particles. This is
because, the manufacturing device allows the controlled sep-
aration of the nucleation and growth stages through the dis-
tance away from the location where the initial mixing of the
organic and aqueous phase occurs.'"*? The (-potential, in
turn, significantly dropped (**p < 0.01) from around -9 mV
to —17 mV with increasing concentrations of PLGA (Fig. 2C)
as a result of the higher density of polymer carboxyl end-
groups exposed on the surface of the NPs.*° Increasing con-
centrations of PLGA also resulted in a considerable increase

A
. 150 %
g *
]
g 125
[
>
T
N 100
0.25 0.50 0.75 1.00
% PLGA (W/v)
c % PLGA (wlv)
0.25 0.50 0.75 1.00
S 8
E
S -12
E kk
5 16 s
a
N
20

View Article Online

Paper

in the production rate of NPs (Fig. 2D) from around 0.2 g per
day to 0.7 g per day. The production rate is usually an
undervalued parameter in most bulk and even continuous
manufacturing methods used for PLGA NPs production. How-
ever, this parameter has attracted a greater focus in recent
years. This is because, the production rate directly correlates
with the capability of the manufacturing method to address
the throughput required for the application in industrial and
clinical settings.*"**

These physicochemical properties of NPs are ideal for sys-
temic administration and have been previously shown to per-
mit transit through and escape from the spleen and liver.*>**
Furthermore, these properties also permit the application of
these particles for cancer nanomedicine. This is because,
their Z-average enables enhanced permeability and retention
(EPR) effect by migrating through the vascular fenestrations
of tumours.*® More particularly, the size dimension of the de-
veloped NPs could be also useful in the field of brain drug
delivery since it is generally accepted that it facilitates the
transport of particles through the vascular endothelial cells
of the blood-brain barrier.***” PLGA at 1% w/v in acetone
solvent was defined as the organic phase to proceed with fur-
ther studies, as it provided the highest possible polymer con-
centration and consequent NPs production rate, whilst
maintaining homogeneous monodistributed NPs.*®

The optimization of the manufacturing process involved
an increase in the total flow rate from 100 pL min™" to 2000
uL min~’. These flow rates corresponded to an increase in
the organic phase flow rate from 25 uL min~* to 75 puL min™"
and aqueous flow rate 500 uL min™" to 1500 pL min~". Higher
total flow rates led to a significant decrease in the Z-average
of the PLGA NPs (**p < 0.01, Fig. 3A), which is in accordance
with previously published literature by Zhang et al*® They
have explained that the faster diffusion of the organic phase
into the aqueous phase enabled higher nucleation rates and
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Fig. 2 Optimization of PLGA concentration for the manufacturing of unloaded NPs, using an organic : aqueous flow rate of 50:150 uL min™. NP
properties of (A) Z-average, (B) PDI and (C) {-potential were investigated, as well as the (D) manufacturing productivity. Final conditions were de-
fined as 1% w/v PLGA. Error bars represent the mean + SD (n = 3) and the significance levels were assigned at *p < 0.05 and **p < 0.01.
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the formation of multiple, smaller spatial supersaturation
zones. This places the nucleation stage in a privileged posi-
tion compared to the growth one, since more nuclei are
formed and only limited amount of polymer is left to grow
them. Therefore, lower diameter NPs can be obtained. The
PDI (Fig. 3B) and {-potential (Fig. 3C) did not change signifi-
cantly across the same range of total flow rate, keeping values
less than 0.2 and around -20 mV, respectively. Increasing to-
tal flow rates resulted in a greater increase in the production
rate of the PLGA NPs (Fig. 3D) from around 0.4 g per day to 7
g per day. It is important to highlight that the obtained maxi-
mum production rate of 7 g per day demonstrated superior
yields to previously reported literature data for polymeric
nanosystems, that were manufactured using a single micro-
fluidic device, e.g. 0.0072-0.0144 g per day,’® 0.012-0.079 g
per day,”* 0.156 g per day’*> and 0.252 g per day.”® Based on
the data presented in Fig. 3, the final total flow rate was de-
fined as 2000 pL min~", which corresponded to an organic:
aqueous flow rate of 500:1500 uL min~'. These greater flow
rates provided the highest productivity, while maintaining
homogeneous monodisperse PLGA NPs.

To ensure the controlled, reproducible continuous
manufacturing of PLGA NPs using microfluidics, the scale of
the manufacturing method was investigated. Specifically, a
scale-up of the final yield by x5 (50 mg) and x25 (250 mg)
was conducted. The Z-average, PDI and {-potential properties
did not change significantly and demonstrated to be inde-
pendent on the scale-up (Table 1), which indicated the
strength of the herein proposed continuous microfluidic
manufacturing process. This successful up-production in a
continuous-flow setup offers potential to speed up the trans-
lation of the developed nanomedicines from laboratory to in-
dustry and clinical scales.”*
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PLGA NPs were manufactured unloaded, individually for-
mulated with BSA-FITC or BSA-TRITC, as well as co-
formulated with BSA-FITC and BSA-TRITC. The Z-average
(around 120 nm), PDI (around 0.1) and {(-potential (around
15 mV) of all protein-loaded formulations did not exhibit sig-
nificant changes compared to unloaded NPs (Table 2). PLGA
nanosystems individually formulated with either BSA-FITC or
BSA-TRITC presented an AE of around 80%. Although there
is limited information in the literature highlighting the load-
ing of BSA-TRITC into PLGA NPs, the obtained BSA-FITC AE
value was far higher than the ones reported by other authors,
approximately around 30-45%.°**%* Moreover, the co-
formulated nanosystem also presented high AE for both BSA-
FITC and BSA-TRITC, corresponding to values of around 70%
and 80%, respectively. It was hypothesized that the selected
concentration of Tween®-80 endowed the protein-containing
aqueous phase with an optimal viscosity to promote its diffu-
sion through the organic phase. This provides enhanced dis-
persion of BSA-FITC and/or BSA-TRITC molecules through
the PLGA matrix. It was furthermore envisaged that any resid-
ual Tween®-80 coating the surface of the NPs could act as an
entrapment layer for BSA-FITC and/or BSA-TRITC molecules
residing at the polymer-surfactant interface.

TEM imaging was used as a tool to provide more insight
into the size and morphology of the developed NPs. Monodis-
perse particles with a homogenous surface and spherical
morphology were observed (Fig. 4). All formulations
presented a size of NPs of around 100 nm, which is in accor-
dance with DLS measurements.

Protein release was evaluated in vitro in buffered saline
(pH 7.4), to represent an intravenous environment. PLGA NPs
individually loaded with BSA-FITC were characterized by an
initial rapid burst effect, with around 80% of the protein
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Fig. 3 Optimization of the total flow rate when manufacturing unloaded NPs. NP properties of (A) Z-average, (B) PDI and (C) {-potential were in-
vestigated, as well as the (D) manufacturing productivity. Final conditions were defined as an organic : aqueous flow rate of 500 : 1500 pL min™. Er-
ror bars represent the mean * SD (n = 3) and the significance levels were assigned as *p < 0.05 and **p < 0.01.
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Table 1 Evaluation of the impact of a scale-up manufacturing on the
physicochemical properties of NPs of Z-average, PDI and {-potential

Scaling Z-Average (nm) PDI (-Potential (mV)
Standard scale 116.9 + 1.7 0.105 + 0.006 -17.2 +1.1
5-times scale-up  121.9 + 3.8 0.109 + 0.015 -16.6 + 2.8

25-times scale-up  120.9 + 2.3 0.107 +£ 0.013  -16.5 £ 3.6

being recovered in the first 2 h (Fig. 5A). In comparison,
PLGA NPs individually loaded with BSA-TRITC, significantly
less of the protein was recovered (around 50%) over the same
time period and the overall release was more sustained
(Fig. 5B). This results suggested that BSA-FITC may have a
tendency to be located close or on the surface of the NPs,
whereas BSA-TRITC could be dispersed into the polymeric
PLGA matrix.>® Since the TRITC fluorochrome is more hydro-
phobic than FITC,”” it also rendered BSA-TRITC protein more
hydrophobicity than BSA-FITC. The PLGA polymer is known
to present a hydrophobic backbone and, thus, it is prone to
retain hydrophobic and hydrophilic cargos into its matrix
and close to its surface, respectively, which can explain the
previous release results.>®

Co-formulated BSA-FITC and BSA-TRITC PLGA NPs
exhibited a release profile of BSA-TRITC comparable to the
BSA-TRITC individual formulation, with also around 50% of
the protein recovered over the first 2 h (Fig. 5C). However,
the release profile of BSA-FITC underwent significant alter-
ations compared to the individual formulation, with only
around 20% of the protein recovered over 2 h (Fig. 5C). It
was hypothesized that this difference was related to the oppo-
site net charge values of FITC and TRITC fluorochromes.
FITC is negatively charged under neutral pH and presents a
net value of -1.02, whereas TRITC possesses a net positive
charge of +0.99.°® BSA conjugated with the positively charged
TRITC, which is hypothesised to be distributed through the
polymeric matrix of PLGA NPs, may exert electrostatic inter-
actions with BSA conjugated with the negatively charged
FITC, which would be expected to be located closer to the
particles’ surface. This electrostatic attraction could therefore
be responsible for retaining the BSA-FITC for prolonged time
periods, sustaining its release, in comparison to the BSA-
FITC individual formulation.

Protein structure is important since alterations in the sec-
ondary structure of proteins are likely to be related to their
denaturation, which ultimately culminates in aggregation
and loss of biologic function.>**® One of the major disadvan-
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Fig. 4 TEM images for (A) unloaded NPs, individually loaded (B) BSA-
FITC and (C) BSA-TRITC NPs, and (D) BSA-FITC and BSA-TRITC co-
formulated NPs.

tages of the loading of protein therapeutics into polymeric
NPs is their denaturation after the manufacturing process,
mainly due to the deposition of these molecules in the or-
ganic-aqueous phase of emulsions and/or the contact of the
organic solvents with their nonpolar amino acids.®® There-
fore, maintenance of the secondary structure of proteins after
the release from PLGA NPs was studied through CD, where
controls of each protein type in its native and denatured form
were used for comparison purposes.

All CD spectra presented double minima at around 220
nm and 210 nm, which is characteristic of the a-helical struc-
ture of BSA®"®* (Fig. 6). The spectra of BSA-FITC and BSA-
TRITC released from the individually and co-formulated
PLGA NPs were comparable to the native forms of the pro-
teins. They were also distinguishable from the denatured
control, which produced diminished absorbance bands. The
o-helix content was calculated in order to confirm the struc-
tural similarities between the released samples and native
controls. The calculated values were found in the interval
from 50-60% as literature data reports for BSA,**** with vari-
ations in the o-helix content relative to the control of only
around 0%, 4% and 3% for individually loaded BSA-FITC NPs
(Fig. 6A) and BSA-TRITC PLGA NPs (Fig. 6B), and co-
formulated BSA-FITC and BSA-TRITC PLGA NPs (Fig. 6C).
The CD results confirmed that the proposed continuous
microfluidic manufacturing method for production of

Table 2 Evaluation of the physicochemical properties of NPs of Z-average, PDI, (-potential and AE after individual formulation with BSA-FITC or BSA-

TRITC, and co-formulation with BSA-FITC and BSA-TRITC

AE (%)
NPs Z-Average (nm) PDI (-Potential (mV) BSA-FITC BSA-TRITC
Unloaded 116.9 + 1.7 0.105 + 0.006 -17.2+1.1 — —
BSA-FITC 117.4 + 2.1 0.102 £ 0.012 -14.1 £ 2.3 77.7 £ 4.0 —
BSA-TRITC 121.3 + 2.6 0.104 + 0.002 -15.7 £ 2.1 — 79.9 £3.2
BSA-FITC and BSA-TRITC 118.7 + 4.1 0.106 + 0.002 -14.6 £ 2.7 66.3 £ 4.5 77.5 £5.7

This journal is © The Royal Society of Chemistry 2019
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polymeric PLGA NPs was successfully able to encapsulate
model proteins, either individually or as a co-formulation, in
the absence of deviations in the secondary structure of the re-
leased proteins.

The influence of the developed nanosystems on meta-
bolic activity was accessed through a MTT assay in
macrophage-like cells differentiated from the THP-1 cell
line (Fig. 7). This cell line was selected only as a model
due to its well described, easy and relatively inexpensive
culture. Protein concentrations ranging from 0.0003-0.03
uM were investigated for their effects on metabolic activ-
ity. The metabolic activity of macrophage-like cells was
found to be always above 70% when in contact with the
free BSA-FITC, BSA-TRITC, and mixed BSA-FITC and BSA-
TRITC at all evaluated concentrations. This demonstrated
the absence of cytotoxicity associated with the free pro-
teins and was expected since the major molarity contribu-
tion from the protein-fluorochrome complex originates
from the BSA, for which the normal physiologic concentra-
tion is much higher than the maximum one herein tested
(around 0.76 M in blood serum).®**> Unloaded NPs also
exhibited cell metabolic activity greater than 70% for all
tested concentrations, as well as NPs individually loaded
with BSA-FITC or BSA-TRITC and co-formulated with BSA-
FITC and BSA-TRITC. The polymeric matrix of NPs did
not induce cytotoxicity and did not compromise cell viabil-
ity. This observation was also true for the physical mixture
of NPs individually loaded with BSA-FITC or BSA-TRITC in
amounts equivalent to the co-formulated NPs. Therefore, it
is important to note, according to the 10993-5 norm from
the International Organization for Standardization (ISO)
for in vitro pre-clinical evaluation of the cytotoxicity of
medical devices, these PLGA NP formulations may be con-
sidered non-toxic and potentially safe.®®

It is well reported that the hydrophilicity of proteins is
one of the main characteristics responsible for their poor
interaction with the hydrophobic lipid bilayer of cells.®” This
may be especially critical for protein-based drugs that require
an efficient intracellular transport and delivery to exert a cer-
tain therapeutic effect.®® Therefore, the potential of the devel-
oped NPs to improve cell-protein interaction was evaluated
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o o
e 2

100+
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? o
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in macrophage-like cells differentiated from the THP-1 cell
line (Fig. 8).

The loading of BSA-FITC into PLGA NPs did not appear to
improve cell interaction, with no significant differences ob-
served in comparison to the free BSA-FITC (Fig. 8A). This cor-
related to the release studies (Fig. 5A) that suggested that
BSA-FITC may be preferably located on the surface of the NPs
which, as a result, may adopt hydrophilic properties that may
hinder cell association. Whereas, the loading of BSA-TRITC
into PLGA NPs significantly improved (***p < 0.001) cell
interaction compared to the free BSA-TRITC (Fig. 8B). This
again confirmed observations from the release studies
(Fig. 5B) and suggested that the more hydrophobic BSA-
TRITC protein may be preferably dispersed through the poly-
meric core of PLGA NPs, rather than on their surface. The hy-
drophilic  properties of BSA-TRITC were therefore
camouflaged by the hydrophobic ones of the PLGA NPs,
hence favouring cell interaction. These findings were in ac-
cordance with research published by Miklavzin et al, who
showed that the complexation of erythropoietin with polyelec-
trolytes to render a more hydrophobic complex was able to
enhance the interaction and consequent permeability of the
protein through Caco-2 cell monolayers.’® Apart from the hy-
drophilicity, it was hypothesized that the developed PLGA
NPs might profit from residual Tween®-80 molecules on
their surface to bind the scavenger receptor of macrophage-
like cells, hence promoting an enhanced cell-protein interac-
tion. Tween®-80 has the capacity to adsorb apolipoprotein E,
which is a known ligand of this type of cell receptor and thus
mediates cell-NP binding.”””" Co-formulated PLGA NPs sig-
nificantly increased the cell association of co-formulated BSA-
FITC and BSA-TRITC (**p < 0.01), compared to the mix of
the free form of the proteins (Fig. 8C). This finding high-
lights an important advance in this proof-of-concept study
due to the usefulness of developing a delivery system capable
of enhancing protein co-delivery. The co-formulated PLGA
NPs demonstrated a significantly higher cell association
(***p < 0.001) compared to the physical mixture of NPs indi-
vidually loaded with BSA-FITC and BSA-TRITC (Fig. 8C),
which reinforced the superior biologic performance of the
all-in-one nanosystem.

0.0003 uM

Free mixed Unloaded NPs

BSA-FITC BSA-TRITC BSA-FITC and

BSA-TRITC

BSA-FITCNPs  BSA-TRITCNPs  BSA-FITCand  Physical mixture
BSA-TRITCNPs  BSA-FITC NPs

and
BSA-TRITC NPs

Fig. 7 Metabolic activity of macrophage-like THP-1 cells after 3 h exposure to the free and nanoformulated proteins. Sample data were normal-
ized to the positive (buffer, 100%) and negative (lysis buffer, 0%) controls. Error bars represent the mean * SD (n = 3).
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Fig. 8 Flow cytometric analysis of the interaction of macrophage-like THP-1 cells with (A) free and NP formulated BSA-FITC, (B) free and NP for-
mulated BSA-TRITC and (C) free and NP co-formulated BSA-FITC and BSA-TRITC, after a 3 h exposure assay. The fold increase was calculated rel-
ative to untreated cells. Error bars represent the mean * SD (n = 3) and significance levels were assigned as **p < 0.01 and ***p < 0.001.

4. Conclusion

A continuous microfluidic manufacturing method that en-
abled the engineering of monodisperse BSA-FITC and BSA-
TRITC co-formulated PLGA NPs with a high association effi-
ciency is reported herein. The enhanced production rate and
scale-up potential of the demonstrated microfluidic method
indicated the capacity to manufacture monodisperse PLGA
NPs in industrial and clinical batch sizes. The microfluidic
manufacture process preserved the protein secondary struc-
ture and did not appear to induce denaturation upon release.
Co-formulated BSA-FITC and BSA-TRITC PLGA NPs did not
present cytotoxicity and significantly enhanced the associa-
tion of BSA-FITC and BSA-TRITC with macrophage-like cells
compared to the free mixed form of the proteins and even
the physical mixture of NPs individually loaded with each
protein type. Therefore, it is anticipated that this model study
will pave the way towards novel combination therapies based
on PLGA nanosystems that require the co-delivery of protein
therapeutics to a range of pathologies. Perspectives for future
work include the co-formulation of other proteins and inves-
tigation of the preservation of bioactivity post-release, as well
as studies of the efficacy of the nanosystem in vivo.
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Microfluidic Manufacturing of Multitargeted PLGA/PEG
Nanoparticles for Delivery of Taxane Chemotherapeutics

Claudia Martins and Bruno Sarmento

Abstract

Taxane chemotherapeutics have played a key role in the treatment of various types of cancer throughout the
past years. However, the drawbacks inherent to the pharmaceutical formulation of taxanes are still a reality
and mainly due to the low aqueous solubility of these medicines, as well as to the nontargeted therapy and
consequent side effects. Nanoparticles (NPs) of poly(lactic-co-glycolic acid) (PLGA) and polyethylene
glycol (PEG) have sparked broad interest in this field and demonstrated capacity of improving taxanes’
formulation. If, in one hand, the PLGA core of these NPs is able to solubilize drugs, on the other hand, the
PEG shell promotes immune escape and presents chemical end groups for the attachment of targeting
ligands. Advances in the design of these nanosystems resulted in the development of multitargeted PLGA/
PEG NPs achieved by dual-ligand functionalization. The multitargeting offers a promising alternative to
the delivery of taxanes across successive cell types or compartments and to the synergetic exploitation of
more than one transporter on the cell surface. Besides the upgrade in the design of multitargeted PLGA/
PEG NPs, their manufacturing has also evolved from bulk assembly to continuous-flow, high-throughput
technologies such as microfluidics. This technology relies on microchannel platforms described to enable
the production of large-scale batches of NDPs in a better time-saving manner, with higher drug loading,
reproducibility, and lower polydispersity. Herein, a detailed microfluidic method for the preparation of
multitargeted, taxane-loaded PLGA/PEG NPs is described. Focus is given to the setting up of the
microfluidic system and conditions required to manufacture these NPs by using polymers of PLGA and
PEG previously elsewhere functionalized with two generic targeting ligands.

Key words Cancer, Chemotherapy, Microfluidics, Multitargeting, PLGA/PEG nanoparticles, Tar-
geting ligands, Taxanes

1 Introduction

Taxanes are chemotherapeutic drugs commonly prescribed in
oncology for the treatment of various cancers. Some examples of
these drugs include paclitaxel, docetaxel, and cabazitaxel, commer-
cially known as Taxol®, Taxotere®™, and Jevtana®, respectively
[1]. The mechanism of action of taxanes is initiated upon their
binding to tubulin, which becomes stably polymerized and

Kewal K. Jain (ed.), Drug Delivery Systems, Methods in Molecular Biology, vol. 2059,
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interrupts the regular cell division, ultimately leading to cell cycle
arrest and apoptosis [2].

Despite taxanes have been widely used in anticancer therapies
either as single agents or in combination with other drugs, their
formulation still poses a great deal of challenge. The structure of
taxanes presents lipophilic substituents that render them very poor
aqueous solubility and stability [ 3]. Besides the high concentration
of excipients included in commercial taxane formulations to cir-
cumvent these drawbacks, current nontargeted intravenous regi-
mens inevitably result in serious side effects [4]. These side effects
are dose-limiting and are reported to include anemia, neutropenia,
and neuropathy, among others [5]. To bypass these pitfalls, nano-
particulate systems have been engineered to allow the formulation
and delivery of taxane chemotherapeutics [6-8]. Particularly in this
field, the biocompatible, biodegradable, and Food and Drug
Administration (FDA)-approved poly(lactic-co-glycolic  acid)
(PLGA) polymer has been widely explored [9-11]. Nanoparticles
(NPs) of PLGA are described to enable the solubilization of taxanes
within their hydrophobic core and further sustained release of these
drugs over time [12]. This has potential to increase the maximum
tolerated dose and, consequently, to make possible the administra-
tion of higher therapeutic doses [13]. The hydrophilic polyethylene
glycol (PEG) polymer has been strategically used together with
PLGA, forming PLGA /PEG NPs, thus providing the development
of nanosystems with an outer shell of PEG around the PLGA core.
This avoids the opsonin adsorption commonly associated with
hydrophobic surfaces such as those derived from PLGA, conse-
quently increasing the half-life of circulating PLGA/PEG
NDs [14].

The research efforts toward improved nanoparticulate systems
for drug delivery have changed the paradigm of PLGA/PEG NDs
manufacturing and design over the past years. Continuous-flow
manufacturing techniques such as microfluidics have emerged as a
hot area and are gaining advantage over conventional methods of
assembly of these NPs [15]. The controlled microenvironment of
microfluidic chips enables the production of monodisperse batches
and smaller NPs with remarkably higher drug-loading capacity
[16, 17] Microfluidics also offer the possibility of scale-up of the
manufacturing of drug-loaded NPs in a highly reproducible and
time-saving manner, thus promising an accelerated industrial and
clinical translation of these nanomedicines [18]. On the other
hand, surface tailoring has demonstrated to be key to modulate
the responsiveness of PLGA/PEG NPs to certain biologic stimuli
[19]. Different studies have attempted the functionalization of NPs
with targeting ligands that recognize specific cell transporters usu-
ally overexpressed or preferentially present at the site of interest
[20-22]. These ligands cover a wide spectrum of activity and may
consist but are not restricted to antibodies, peptides, aptamers, and
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small molecules [23]. The main advantages of ligand functionaliza-
tion include a higher accumulation and/or probability of intracel-
lular transport of drug-loaded NPs at the target site, therefore
reducing side effects [24]. This functionalization process mostly
relies on chemical routes by coupling end groups of the polymer
matrix of NPs with reactive moieties of the ligands. The PEG
fraction of PLGA/PEG NPs have been widely exploited for the
purpose of this chemical conjugation since its versatile structure
provides an anchor for a plethora of different end groups such as
carboxylic acid, amine, maleimide, and hydrazide [25]. Several
chemical mechanisms can be afterward selected to couple the
PEG end group with the reactive moiety of the ligand, including
the carbodiimide cross-linking and click chemistry strategies
[26]. Recent works have focus on the development of therapeutic
NPs simultaneously functionalized with two ligands to achieve a
biologic multitargeting [27, 28]. These complex multitargeted
NPs have been mostly designed to circumvent the unmet needs of
a (1) successive targeting of two different cell types such as in the
case of intravenous treatments of brain cancer, in which a first
ligand is necessary to promote NPs’ transport across the blood—-
brain barrier and a second one to provide accumulation at brain
tumor cells [29]; (2) successive targeting of two different cell
compartments such as nucleus delivery, in which a first ligand
promotes cell endocytosis and a second one is responsible for
further migration of the NPs to the nucleus [30]; and (3) simulta-
neous targeting of the same cell type through exploitation of more
than one transporter such as in cancer cells overexpressing multiple
receptors that may provide a synergetic intracellular movement of
NPs [31]. The optimal density and ratio of the two ligands, as well
as the length and rigidity of the PEG polymer, are among the
variables that deserve careful consideration [32]. Since these multi-
targeted PLGA/PEG nanosystems should undergo multistage
chemical procedures, it may be preferable to conjugate the ligands
with the polymer matrix prior to the manufacturing of the NDPs.
Despite avoiding premature drug release, this allows a more accu-
rate control over the reaction yield and physiochemical characteri-
zation of the final polymeric conjugate [33]. Therefore, one of the
two reactive ends of the PEG fraction is firstly conjugated with the
PLGA core polymer, whereas the other one is further used to attach
each of the targeting ligands.

Gathering all this information, the protocol herein described
proposes a microfluidic method for the manufacturing of multi-
targeted PLGA/PEG NPs encapsulating taxane chemotherapeu-
tics. The multitargeting is achieved by including two different
generic  polymers, elsewhere functionalized prior to the
manufacturing of the NPs. These generic polymers result from
the conjugation of PLGA with two different PEG models (PEG1
and PEG2) and further conjugation of the last ones with two
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different ligand models (Ligandl and Ligand2). For simplicity
from here onward, these functionalized polymers will be referred
to as PLGA-PEGI1-Ligandl and PLGA-PEG2-Ligand2.

2 Materials

2.1 Reagents
and Consumables

2.2 Equipments

PLGA (PURASORB® PDLG 5004A) from Corbion (Amster-
dam, The Netherlands).

Acetone and acetonitrile from Thermo Fisher Scientific (Wal-
tham, MA, USA).

Tween®-80 from Sigma-Aldrich (St. Louis, MO, USA).
Syringe filter 0.22 pm from Membrane Solutions (Dallas, TX,
USA).

Disposable syringes from Henke-Sass Wolf GmbH (Tuttlingen,
Germany).

Female to female Luer lock, polytetrafluoroethylene tubing

1/16” x 0.5 mm, end fittings, ferrules, and T-connector from
Dolomite Microfluidics (Royston, UK).

Glass scintillation vials from Sigma-Aldrich (St. Louis, MO,
USA).

Syringe pumps from Braintree Scientific, Inc. (Braintree, MA,
USA).
Quartz droplet X-junction microfluidic chip (190 pm etch
depth), H-interface holder, linear connector 4-way, and seals
for linear connector from Dolomite Microfluidics (Royston,
UK).

Microscope equipped with a digital camera from Leica (ICC50
HD, Zurich, Switzerland).

Magnetic stirrer from IKA-Werke (GmbH & Co, Staufen,
Germany).

3 Methods

3.1 Phase
Preparation

3.1.1 Organic Phase

1. Dissolve the plain PLGA, PLGA-PEGI1-Ligandl, and PLGA-
PEG2-Ligand2 in acetone at a total polymer concentration of
1% (w/v) in a scintillation vial (see Note 1). This total polymer
concentration includes 80%, 10%, and 10% of plain PLGA,
PLGA-PEGI-Ligandl, and PLGA-PEG2-Ligand2, respec-
tively (see Note 2).

2. Add the taxane drug corresponding to a theoretical drug load-
ing of 15% to the previous solution (see Note 3). Skip this step
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3.2 Microfluidic
System Setup

3.3 Microfluidic Run
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for the obtention of multitargeted, unloaded PLGA/
PEG NPDs.

. Let the polymers and the drug dissolve overnight, assuring that

the top of the scintillation vial is tightly sealed in order to
prevent acetone evaporation (see Note 4). A clear and nonfila-
mentous solution should be visible after overnight dissolution
(see Note 5).

. Prepare an aqueous solution of 2% (w/v) Tween®-80,

pH = 7.4 (see Note 6).

. Filter the 2% (w/v) Tween®-80 solution through a 0.22 pm

syringe filter in order to eliminate possible impurities that can
result in the clogging of the microfluidic chip.

. Fit a female to female Luer lock on the syringes for the infusion

of the organic and aqueous phases, and mount them on the
respective syringe pump. The organic and aqueous phases cor-
respond to the single inner and two outer stream inlets of the
microfluidic chip, respectively (as shown in Fig. 1).

. Use a set of end fitting and ferrule to connect the tubing with

the female to female Luer lock adaptor of the syringes. This
joint should be reasonably tight but without giving rise to a
high-pressure spot. The length of the tubing should be the
shortest possible so that the probability of flow instability in
result of vibration and phase dead volume can be lowered.

. Attach a T-connector to the tubing of the aqueous phase in

order to diverge the flow and simultaneously supply the two
outer stream inlets of the microfluidic chip (se¢ Note 7). The
tubings of the T-connector outlets should be exactly of the
same length to avoid flow discrepancy in between them.

. Place the microfluidic chip on the H-interface holder, and fix

the inlet and outlet tubings on each side of the chip by using
both the linear connector 4-way and its seal.

. Mount the chip area of the microfluidic setup on a microscope

equipped with a digital camera.

. Assure that all components of the microfluidic setup are on the

same horizontal plane, hence avoiding fluctuations of the flow
along the zz axis.

. Flush the microfluidic system with acetonitrile solvent to get

rid of any impurities or blockages (se¢ Note 8).

. Hill the syringes with the organic and aqueous phases, making

sure that all air bubbles are driven out and thus will not disturb
the flow (see Note 9).
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Syringe Syringe Female to Tubing End fitting Ferrule T-connector
pump female Luer lock
Microfluidic H-interface Linear connector Collection Magnetic
chip holder d-way vial stirrer

Fig. 1 Platform components and setup procedure of the microfluidic system. (1) Fit a female to female Luer
lock on each syringe; attach a set of (2) ferrule and (3) end fitting to the tubing and (4) connect it with the
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3. Set the syringe pumps to supply a total flow rate of the organic
and aqueous phases of 500 and 1500 pL./min, respectively (see
Note 10).

4. Turn on the aqueous flow and only after the organic one,
therefore avoiding the clogging of the microfluidic system.
Assure that the bench in which the microfluidic setup is placed
is free of vibrational artifacts that may disturb the flow condi-
tions (see Note 11).

5. Start the collection of NPs once the flow stabilizes.

6. Let the NPs suspend under mechanical stirring for 30 min at
200 rpm and room temperature to evaporate the acetone
solvent.

7. Wash the microfluidic setup by flushing the microfluidic system
with acetonitrile solvent to remove any blockages of polymer or
drug (see Note 8).

4 Notes

1. Itis recommended to evaluate the integrity of the ligands in the
functionalized polymers after exposure to the organic solvent,
especially in the case of proteins. Certain organic solvents are
able to disrupt the hydration shell that typically surrounds
protein molecules, hence compromising the balance of inter-
actions responsible for maintaining their native conformation
[34]. Some examples of techniques used to assess the integrity
of a protein ligand after exposure to a specific solvent may
include attenuated transmission reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) for the evaluation of altera-
tions in the secondary structure, as well as circular dichroism
(CD) and fluorescence spectroscopy for the detection of altera-
tions in the secondary and tertiary structures, respectively [35].

2. The percentage of 80%, 10%, and 10% of plain PLGA, PLGA-
PEGI-Ligandl, and PLGA-PEG2-Ligand2, respectively, in
relation to the total polymer mass may vary according to the
purpose of the formulation. It may be necessary to increase the
percentage of the functionalized polymers in order to achieve a
higher ligand density on the surface of NPs. Ligand density
should be optimized to find a proper balance between high

A
Y

Fig. 1 (continued) female to female Luer lock adaptor of the syringes; (5) attach a T-connector to the tubing of
the aqueous phase; (6) couple each linear connector 4-way with its seal and (7) connect it with the tubing;
(8) place the microfluidic chip on the H-interface holder, and fix the inlet and outlet tubings by screwing the
linear connectors 4-way. (9) Fill the syringes with the organic (red) and aqueous (blue) phases, and the system
is ready to be turned on
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7.

8.

10.

avidity to associate with the target and incite mechanisms of
intracellular transport and low avidity to avoid irreversible
ligand-target linkage [36].

. The theoretical taxane loading of 15% should be adjusted a

priori to meet the optimal value of drug association efficiency
and practical loading. These two parameters are specific for
each drug and are mainly governed by the partition coefficient
of the taxane between the organic and aqueous phases selected
for the manufacturing of the NPs [37, 38].

. Polymer and drug solubilization may be accelerated through

sonication or heating. However, preliminary studies are needed
to investigate whether these processes are able to damage the
structure of the ligands or the taxane.

. The incomplete solubilization of the polymers and the drug in

the organic solvent may lead to the clogging of the microfluidic
setup or even to the manufacturing of highly polydisperse
populations of NPs.

. Careful case-by-case consideration is required to assess the

impact of the chosen surfactant and its concentration in the
recognition of the target by ligand-functionalized PLGA /PEG
NPs. Recent data elucidates the negative role of the surfactant
that remains on the surface of NPs after their manufacturing
and purification, including direct effects on the ligand such as
alterations in its structure, orientation, or molecular affinity, as
well as a reduced availability of the ligand to bind the target due
to steric hindrance phenomena [39]. Other surfactants such as
poloxamers and poly(vinyl alcohol) (PVA) can be employed as
Tween®™-80 substitutes in the microfluidic method herein
described.

Alternatively to the T-connector, two separate syringe pumps
may be used to infuse each of the two aqueous stream inlets.

Alternative processes such as sonication in acetonitrile, flowing
of compressed air, or washing with alkaline concentrates can be
used to clean precipitate blockages of difficult removal.

. The presence of air bubbles is one of the most challenging

issues in setups with micro-sized channels such as microfluidic
chips. Air bubbles are capable of dilating and contracting which
turns the flow unstable and results in the manufacturing of
highly polydisperse populations of NPs. Moreover, air bubbles
present an obstacle for the fixed flow rate that is applied by the
syringe pumps, ultimately leading to a significant increase in the
pressure within the microchannels and possible disruption of
the setup.

One of the main advantages of microfluidic setups in compari-
son with the bulk assembly of NPs is the laminar pattern of the
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flow which cannot be attained at the macroscale and is mainly
controlled by the chosen flow rates [40]. This pattern is gov-
erned by viscous forces and characterized by multistreamlines
that always flow parallelly to the fluid direction. In opposition
to the laminar pattern, the turbulent one is characterized by
chaotic flow vortexes with nonparallel-shaped streamlines
[17]. Turbulent flow patterns generate a gradient of NP con-
centration along the microchannels, hence originating highly
polydisperse batches of particles and lowering the production
rate [41]. Fluid mechanics may be used as a tool to predict the
type of flow pattern that is possible to encounter within a
microfluidic setup according to the selected flow rates. One
of the most important parameters to be investigated in this
field is the Reynolds number, which can be calculated accord-
ing to Eq. 1 [42, 43]:

L
Reynolds number = pr- (1)
U

where p, v, and u represent the density (kg m?), velocity
(ms), and dynamic viscosity (Pa s) of the fluid, respectively, and
Lis the microchannel diameter (m). A Reynolds number lower
than 1800 is usually associated with a laminar flow pattern,
whereas higher than 2300 is related to a turbulent one
[44]. The values of Reynolds number between 1800 and
2300 belong to the interval of transition from laminar to
turbulent flow patterns. Thus, flow rates are key players in the
tunability of parameters of fluid mechanics inside microfluidic
setups and should be optimized to obtain populations of NPs
with the desired features.

11. The immediate outcome of vibrational artifacts that disturb the
flow conditions is the onset of a turbulent flow pattern and a
consequent increase in the value of polydispersity of NPs.
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