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ABSTRACT

During pregnancy, a new vital organ is formed, the placenta, whose function is
to protect the foetus from potentially harmful substances and ensure its safe
development. The incidence of breast cancer during pregnancy is 19.2 cases
per 100,000 pregnancies. It poses a major threat to both the foetus and the
mother due to the limited range of therapies available, favouring the
progression of the disease. Doxorubicin is a chemotherapy drug considered
one of the safest, but several studies on placental trophoblasts have reported
significant passage through the placenta. Consequently, adverse effects on

the foetus have been observed, in some cases leading to foetal death.

In this context, a promising alternative is represented by drug delivery
systems, i.e. micro- or nanometric platforms that allow drugs to be delivered
by modulating the materials used and their functionalization, so as to actively
target breast cancer cells while limiting passage through the placenta. Thus,
the aim of this study is to synthesise, characterise and test in vitro the
administration of polymeric nanoparticles containing the chemotherapy drug

Doxorubicin to treat breast cancer in pregnant women (PABC).

This is achieved through the synthesis of poly(lactic-co-glycolic acid) (PLGA)-
based polymeric nanoparticles and PLGA conjugated with poly(ethylene
glycol) PEG, which encapsulate doxorubicin using the w/o/w double emulsion
method. These nanoparticles are characterized from a physical-chemical
point of view and evaluated in vitro through cytotoxicity and internalization
assays on cell models appropriate for the context of analysis. ICsy tests
conducted on free doxorubicin showed a very narrow therapeutic window for
placental trophoblast cells compared to human breast cancer cells,
highlighting the low selectivity of the drug. When doxorubicin encapsulated in
nanoparticles was administered, placental cells were 17 times less sensitive
and human breast cancer cells were 1.3 times less sensitive. These results

were confirmed by cell viability assays, which also highlighted a time-



dependent cytotoxic potential. The conjugation of the polymer with PEG leads
to an improvement in the vitality profile, supporting the proof of concept of the
proposed system. Finally, for a potential future clinical approach, preliminary
studies were carried out on lyophilized nanoparticles, observing that they can
be resuspended without significant dimensional alterations and without
greater cytotoxic effects on cells compared to the fresh formulation. Overall,
the results obtained support the potential of the system as a safe therapeutic

strategy in the treatment of PABC.
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MOTIVATION AND OBJECTIVES

Pregnancy associated breast cancer is a kind of breast cancer that occurs
either during pregnancy or within 1-year post-partum. (1-3) The global
incidence of PABC amounts to 19.2 per 100000 pregnancies (95%Cl: 16.1-
22.2), and it has increased from 13.3 (in 1969) to 19.2 cases (in 2022) (4). It is
known as an aggressive type of cancer for several reasons, including the
advanced stage of the tumour at diagnosis time, because of the natural
anatomic changes in breast tissue; moreover, higher rates of lymph node
metastases, oestrogen and progesterone-negative cases and the higher rates
of HER2 expression contribute to elevated mortality rates (5,6). This context
makes clear how clinically significant it is to identify adequate therapies for
this kind of cancer. The treatment is difficult as well: surgical treatment is
considered safe throughout the entire period of pregnancy (7); radiotherapy
instead is indicated just in very early stages of pregnancy or after delivery
because of the potential negative effects on foetus (8). Biological and
hormonal treatment are strongly contraindicated (9), while chemotherapy can
be performed just in the second and third trimester, but must stop 3 weeks
before the delivery to avoid sepsis or haemorrhage risks in both mother and
foetus (10); moreover, it is contraindicated as well during breastfeeding (11).
Doxorubicin is one of the most important chemotherapeutics used for the
treatment of many solid tumours (12,13). It is a hydrophilic non-selective
antitumor agent of the anthracycline family. It acts by triggering cell apoptosis
through the intercalation in DNA chains (14). However, DOX is known to cause
strong cardiotoxicity (15-17) and other side effects such as nephrotoxicity,
myelosuppression, etc (18-20). Nonetheless, DOX and its metabolites tend to
accumulate in the placenta, leading to complications including potential
foetal death (21,22). The placenta is a temporary embryonic organ that acts as
a fundamental barrier to promote foetus development by protecting it from
toxic compounds (23). The placental membrane can be crossed by small

molecules by diffusion, or by active passage (endocytosis). Indeed, the
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placental cellular uptake under the exposure to doxorubicin happens mostly
by passive diffusion for its small dimension (24,25). Studies demonstrated
that DOX tend to accumulate significantly in placental tissue, and (although
less amount) can pass through placental tissue (26,27). This suggests the
necessity to use nanocarriers as a strategy of delivery. They are considered
systems that have at least one dimension under 100 nm and have strong
potential to achieve systemic and controlled administration and targeted
pathways (28,29). Inside this family, polymeric nanoparticles can be
considered as promising platforms for encapsulating chemotherapeutics
(30). Several studies have proven that DOX when encapsulated is more
effective and less toxic compared to free DOX (31). One of the most famous
nanocarrier used is Doxil ®, a chemotherapeutic liposome approved by FDA
(32). The introduction of PEG later has decreased the interactions with plasma
proteins and the prolongation of circulation time (33,34). Recent studies have
shown that PLGA-DOX nanoparticles achieved significantly lower levels of
cardiotoxicity and higher drug-loading efficacy (35,36). All these studies have
achieved solid results in terms of successful encapsulation of DOX and safety
of the drug. However, very few focused on placental transfer studies, and even

less on avoiding placental crossing.

Hence, the aim of this project is to develop solid and effective strategies to
treat pregnancy associated breast cancer by chemotherapy, while
minimizing as much as possible the placental transfer. The work is built on

three main objectives:

- Synthesis and extensive physicochemical characterization DOX-
loaded PLGA and DOX-loaded PLGAPEG nanoparticles.

- Development of lyophilization processes to achieve long term
preservation of nanoparticles.

- In vitro evaluation of cytotoxicity, cellular uptake and safety profile

using relevant breast cancer and placental cell models.
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STATE OF ART

1. Preghancy-associated breast cancer

Pregnancy associated breast cancer (PABC) is a specific type of breast cancer
that occurs either during pregnancy or within 1 year post-partum. (1-3) During
pregnancy, multiple malignancies are diagnosed, such as cervical cancer,
ovarian cancer, colorectal cancer, leukaemia, melanoma and others. Breast
cancer is the most common pregnancy related one. (37) The global incidence
of PABC amounts to 19.2 per 100000 pregnancies (95%ClI: 16.1-22.2), and it
has increased from 13.3 (in 1969) to 19.2 cases (in 2022). (4)

Certain risk factors for PABC have not been fully established until this point.
However older age at first pregnancy is mentioned as the most important one,
followed by having a positive family history for BRCA1/2 gene mutations,

absence of breast-feeding history and racial factors. (38)

PABC is known as an aggressive type of cancer for several reasons, beginning
with the often-advanced tumour stage at the time of diagnosis (Figure 1),
which is mostly due to changes in breast tissue being misidentified as nhormal
pregnancy or lactation-related ones. In addition, higher rates of lymph node
metastases, oestrogen and progesterone-negative cases and the higher rates
of HER2 expression contribute to elevated mortality rates (5,6), highlighting

the clinical significance of this condition compared to other BCs. (4)

Stage 0 ][ Stage | | [ Stage Il | Stage Ill ] Stage IV ]
Noninvasive Invasive ductal Invasive ductal Invasive ductal Metastatic breast /"\
ductal carcinoma carcinoma carcinoma carcinoma cancer fa® \
in situ (DCIS) | )
“ . N " \‘ Distant metastasis via \\_/
N Y Y. . blood stream -
. b P B ¢ (Intravasation and / N
(B A “@t gt \. extravasation) | ;’; R )
- oo b b haa i J
B ' s o o g, -
:/ e f \\ (i« \} f \ /..r/ 7\;\ ( N
E 4 - e /
_ 2 Y o
/—\
: Cancer cells in breast Cancer in breast Cancer in breast tissue. Tumor >5 cmin Cancer has spread to distant organs. / ‘\
% | duct have not spread to tissue. Tumor <2 cm Tumor 2-5cm in diameter. Cancer has Preferential metastasis to brain, lungs, .. |
i breast tissue. in diameter. diameter. spread to auxiliary liver and bones. /
4| Lymph nodes are not Lymph nodes not Lymph nodes might be lymph nodes Cancer has spread to auxiliary lymph -
affected. affected affected nodes.

Figure 1: different stages of breast cancer.
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Therapeutic guidelines include the main cancer treatment, but some aspects
must be considered: surgery is an eligible option throughout the whole
pregnancy, while chemotherapy is only allowed from the second trimester
until 3 weeks before the planned delivery. Table 1 shows the suitability of each

treatment during pregnancy and breastfeeding period. (8)

Table 1: Safety of different PABC treatments.

1st trimester | 2nd trimester | 3rd trimester | Breast feeding

Surgical
treatment

Chemotherapy

Radiotherapy

Hormonal
and Biological
treatment

Green=safe, yellow= possible with limitations, red= contraindicated.

1.1. Treatment management of PABC patients
The goals of treating a pregnant patient with BC are to cure, support pregnancy
and not damage the foetus, especially in the vulnerable period of the first
trimester. In this period there is a risk of 17% of malformation occurring and
sufficient clinical evidence can be obtained to support the decision for a
therapeutic abortion. (39) During pregnancy itis possible to use all basic types
of treatment, taking into maximal consideration the presence of the foetus and
the specific period of development. On the other hand, biological and

hormonal treatments are contraindicated in PABC. (9)
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1.1.1. Surgical treatment

Surgical treatment, if indicated, is safe throughout the entire period of
pregnancy. However, postponement of the operation after the first trimester is
ideal in order to exclude risk of miscarriage. (7) Otherwise, mastectomy (ME)
is the method of choice during the first trimester, and can be performed
throughout the whole pregnancy, taking into account the contraindications of
radiotherapy (RT). By the end of the second and in the third trimester, breast-
preservation surgery comes into consideration, needing a planned RT after the
delivery. (40) Reconstruction operations should be delayed until after
pregnancy, due to changes of the other breast and the potential for undesired
aesthetic effects. (41) If BC is early diagnosed with clinically negative lymph
nodes in the axilla, a standard biopsy (SLNB) can be performed, as the
radiation dose used does not affect the foetus. (42,43) However, most of
PABCs are diagnosed at advanced stage with palpable lymph nodes, needing

dissection of the axilla as the main treatment. (40)

1.1.2. Radiotherapy

Radiotherapy during pregnancy is generally contraindicated. Radiation has
effects on foetus depending on dose and gestational week. (44) Itis necessary
to apply a safe dose and to ensure that pelvis or abdomen is not targeted. The
risks arise proportionately to foetus growth, that is the reason why
radiotherapy in only suitable in very early stages or after delivery. (8) Children
exposed to radiation incur a higher risk of intrauterine growth restriction,
mental retardation and higher predisposition to developing cancer during
childhood. (11) During breastfeeding period, women who undergo RT can keep
on, keeping attention on potential post-radiation mastitis which means
feeding the child only from the healthy breast. (45) The ideal is to postpone any
RT treatment after delivery; however each month of delay may increase the

recurrence rate by 1%. (46)
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1.1.3. Biological and hormonal treatment

Biological treatment is based on using immune system or superficial
molecules to face diseases and protect the body from side effects related to
standard treatments. Regarding PABC it is contraindicated because of
potentially foetal toxicity. (9,47) There are limited clinical data about Anti-Her2
treatment (trastuzumab, lapatinib): Her2 is essential for the cardiac
development and kidney function of embryo. In the first trimester occasional
exposures do not highlights undesirable consequences, but trastuzumab
starts cross the placenta from the second trimester ending in high risks of
oligohydramnios to anhydramnios (incidence up to 61.1%), with the incidence
increasing with duration of treatment. This is strictly connected to the function
of the foetal kidney, meaning a lack of adequate production of amniotic fluid
that represents a threat for both mother and foetus. This scenario can be
reversible just by interrupting the therapy, and pregnancy results in a good

outcome. (48-52)

Hormonal treatment, as well, is contraindicated for PABC. (53) Gonadoliberins
interfere with gestation. Tamoxifen is teratogen, may causing malformation in
the cranio-facial area and genitalia, and it is also contraindicated during

breastfeeding because it is transmitted to milk. (54)

1.1.4. Chemotherapy
The challenge for Chemotherapy (CTh) is the impact of pregnancy-related

physiological changes on the treatment. Chemotherapy may fit patients with
locally advanced BC as a neoadjuvant treatment or as an adjuvant one in case
of negative prognosis. Most of studies were conducted on animals, showing
that the presence of protein pumps (eg. P-glycoprotein, efflux pump, drug
resistant protein and breast cancer resistant protein (55)) on the placenta

barrier may protect the access of drugs as anthracyclines, paclitaxel, etc. (56)

In the first trimester CTh should not be considered because of its teratogenic
effects on foetus. (39) After the 14" week of pregnancy the treatment is

generally considered safe. It is indicated to stop the therapy 3 weeks before
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the delivery, or at 35 weeks of pregnancy, in order to avoid sepsis and
haemorrhage risk both in the neonatal and the mother. (10) Moreover,
breastfeeding is contraindicated during CTh and needs to start after 3 or 4
weeks after the last administration. (57) The cytostatic that are considered
safe are: anthracyclines (adriamycin A, epirubicin E), 5-fluorouracil (F), and
cyclophosphamide (C). Chemotherapeutic drugs can be administrate in
monotherapy, as paclitaxel and epirubicin, or in main combinations: AC, EC,
FAC and FEC, with FAC being the most experienced in BC at present, having

minimal cases of complications. (58)

Studies on taxanes showed a good tolerability in foetus, probably associated
with P-glycoprotein exposed on the maternal part of the placenta that

recognizes and reduces the transfer of taxanes through placenta. (59)

About anthracyclines (epirubicin, doxorubicin), during pregnancy their use is
sometimes associated with cardiac and neuronal toxicity, and birth defects,

without increased congenital malformations. (48)

Doxorubicin role in chemotherapy

Doxorubicin (DOX) is one of the most important drug used for the treatment of
many solid tumours in both adult and paediatric patients, including ovarian

carcinoma, leukaemia, lymphomia, BC and many more. (12,13)

(b)

Figure 2: Doxorubicin’s (a) 2D structure and (b) 3D conformation. Images taken from
Pubchem.com.
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DOXis a hydrophilic non-selective antitumor agent of the anthracycline family,
first extracted from Streptomyces peucetius var. caesius. It is composed of a
tetracyclic aglycone part (anthraquinone) with an adjacent quinone-
hydroquinone group, a short methoxyl chain, and a hydroxyl group, along with
a sugar. This structure allows both hydrophobic interactions through the rings
and hydrogen bonding and electrostatic interactions with other molecules.
The anthraquinone intercalates between DNA bases thanks to its planar rings,
while the hydroxyl of the anchor forms a hydrogen bond with the
complementary strand, stabilizing the DOX-DNA mono-adduct. DOX blocks
the activity of topoisomerase Il by trapping the DNA cleavage complex,
preventing the re-ligation of the double helix, arresting replication, and

triggering apoptosis (Figure 3). (14)

Apoptosis of
tumoral cell

Figure 3: DOX intercalation in DNA chains; doxorubicin contains a planar anthracycline
aromatic core composed of fused rings. This planar structure allows the molecule to slide
between adjacent DNA base pairs, usually guanine-cytosine (G-C) pairs. (14)

DOX has been used to treat several malignancies during pregnancy and it is
relatively safer compared with other anthracyclines, excluding the first
trimester pregnancy. (39,60,61) However, DOX has also a strong toxic
potential, including significant cardiotoxicity due to the formation of free
radicals catalysed by a number of oxidoreductases (15-17) (Figure 4),

nephrotoxic side effects, myelosuppression, insufficient half-life and eventual
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resistance of drug. (18-20) Moreover, DOX and its metabolites seem to
accumulate in the placenta. (21,22) The administration during mid or late
phase of pregnancy is associated with preeclampsia at 28 week (62),

intrauterine growth restriction (63), and, in some cases, foetal death (22).

| v
DOX A

NAD+ semiquinone 0, — H.0, T“‘ OH"
v

: Cardiomyopathy

Fe?*

Figure 4: Schematic representation of DOX induced oxidative stress; doxorubicin undergoes
redox cycling, leading to the generation of reactive oxygen species such as superoxide,
hydrogen peroxide, and hydroxyl radicals, causing lipid peroxidation and cardiotoxicity.

In order to improve the safe administration of DOX and to enhance the
therapeutic outcomes, the drug could be encapsulated in delivery systems,

such as liposomes and several types of nanoparticles. (14,64)
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2. Placental physiology
The placenta is a temporary embryonic organ essential for life, whose main
functionality is to promote foetus development. It acts as a fundamental
barrier to protect the foetus from toxic compounds. In humans, placentation
is haemochorial, which means that maternal blood is in direct contact with
trophoblasts. The placenta can be divided into two sections: the functional
and structural unit of placenta is represented by floating villi, the basal plate
attached to the maternal endometrium is represented by anchoring villi

(Figure 5). (23)

Chorionic villi Maternal blood

Maternal blood
pools in

|_4 intervillous
space

Ombelical
chord

Intervillous

Endometrium
space 4

Chorionic Decidua basalis

plate Fetus blood

Figure 5: Main anatomy of placenta.

Each floating villous is composed of a mesenchymal axis, containing
fibroblasts, Hofbauer cells and foetal capillaries. Two layers of trophoblasts
surround the mesenchymal axis: a layer of cytotrophoblast (mononucleated
proliferative cells) and a layer of syncytiotrophoblast (multinucleated) in direct
contact with maternal blood. These two layers compose the placental
membrane, which can be crossed by small molecules by diffusion (Figure 6).

(23)
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Placental membrane

Maternal blood

Hoffbauer cells

Figure 6: Schematical representation of a floating villous; placental membrane serves as a
barrier through which the exchange of foetal-maternal blood is allowed.

The anchoring villous contains trophoblastic invasive cells named extravillous
trophoblasts that migrate from the cytotrophoblast column and invade the

decidua, stabilizing maternal-foetus blood circulation. (23)

During the first trimester of pregnancy, the vascular network undergoes

massive remodelling, and the diameter of spiral arteries becomes wider.

This outcomes in a low resistance circulation providing a nonstop perfusion to
the placenta. (65) The low shear stress in the intervillous space promotes a
long-term contact between nanovectors, or drugs, and placental cells,
potentially allowing a facilitated passive targeting of syncytiotrophoblast. (65)
As aresult, the barrier property of placenta can be compromised by factors as

physicochemical properties of nanovectors and drugs.

2.1. Doxorubicin and placenta
Doxorubicin, as known, is a powerful chemotherapeutic drug used also for the
treatment of some cancers diagnosed during pregnancy. (66) However, data
on human placental transfer and uptake of doxorubicin are very limited, and

despite its effectiveness it still presents significant challenges in terms of
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maternal and foetal safety. (26) It is known that doxorubicin is safer in
chemotherapy than other drugs, however its administration is associated with
cardiotoxicity for the mother (15-17), and other complications, potentially
leading to foetal death (22,63). The cellular uptake of free doxorubicin
happens mostly through passive trans-cellular diffusion because of its small
dimension, while for example large liposomal encapsulating DOX need to use
active endocytosis. (24,25) Studies on human placental perfusion
demonstrated that doxorubicin tend to accumulate significantly in placental
tissue (simulated with BeWo cells), reaching 70% of administered dose
through mother circulation, mostly attributed to its strong non covalent bond
to intranuclear DNA. (27) Free DOX can also pass through placenta, despite
relatively low levels (reaching at maximum 12% of the dose administrated
through maternal circulation). (26) Of course this arises clinical worries for the

effects on placental tissue and potential foetal exposure.

3. Drug delivery systems (DDS)
Beyond oncological conditions, the pharmacological management of
maternal diseases during pregnancy represents a major clinical challenge.
Hypertensive disorders affect 7-10% of pregnancies and remain a primary
cause of maternal-foetal mortality. (67-69) Women with SLE or rheumatoid
arthritis (autoimmune diseases) have a higher incidence of miscarriages,
reduced foetal growth, and many more. (70,71) Cardiovascular conditions can
arise during pregnancy due to advanced maternal age and comorbidities
(such as obesity, diabetes, and hypertension). Moreover, with a prevalence of
about 0.5% in pregnancy, seizures can cause severe maternal-fetal outcomes,
including death or malformations. (72-74) However, the clinical management
of these threatening conditions is very limited: pregnancy alters maternal
pharmacokinetics making standard drug dosages subtherapeutic or even
toxic; in addition, some drugs are often contraindicated due to placental
transfer and documented fetal toxicity, including anticoagulants, diuretics,

etc. (75-77)
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Therefore, it is necessary to find new strategies to provide safety to treat to
pregnant women conditions, especially in PABC cancer, where it is strongly
needed the achievement of an effective treatment that yet minimize fetus
exposure. Nanomedicine is an innovative concept in drug delivery field, which
aims to achieve biocompatible, safe and biodegradable nanocarriers. A
nanocarrier is an element that has at least one dimension under 100 nm, and
transport drugs improving their efficacy, their biodistribution and decreasing
side effects by targeting specific tissues. (28,29) Their potential comes from
the small size, high stability and capacity to be coated, allowing respectively a
facilitated cellular internalization, suitability for systemic administration and

targeted pathways. (78)

3.1. Polymeric nanoparticles
Nanoparticles (NPs) are classified as organic or inorganic. Organic NPs may
be composed of macromolecules or lipids and have biocompatible and
biodegradable potentials. Inorganic NPs can be carbon, silica, quantum dots
or metallic NPs, and are characterized by high stability, with strong
theragnostic applications but low biodegradability. Hybrid NPs belong to both

classes, preserving the peculiar aspects of each side. (30,79)

Organic Inorganic
Liposome Dendrimer Polymer Gold NP Quantum dot
Micelles  Emulsion  Nanogel silicaNp  TO:AON
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Figure 7: Classification of different types of NPs, between organic and inorganic categories.
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Polymeric NPs belong to the large family of organic NPs. These kinds of NPs
are stable, safe, biologically inert and can stay in blood circulation for a long
time, improving the distribution of the material to the tumor sites. Additionally,
they can be tunable in terms of hydrophobicity, surface charge and
functionalization, to achieve the right permanence in circulation and active
targeting. (30) Such features are crucial in determining how NPs interact with
the biological system, especially when facing tumors, influencing their ability
to reach specific sites through passive and active targeting pathways. The
passive one is a mainly tumor-related phenomenon that consists in the
passage of the NPs through porosity due to their small size, and it’s enhanced
in tumor sites because of the increased microvascular permeability (EPR
effect). Meanwhile, active targeting relies upon the concept of molecular
recognition in cancer and non-cancer conditions, obtained through surface
functionalization with specific ligands, such as antibodies, peptides, etc. (80-

83)

Polymeric NPs can also encapsulate any type of drug, including both
hydrophobic (e.g. paclitaxel) (84) and hydrophilic (e.g. doxorubicin) drugs (14),
making them extremely versatile for different therapeutic approaches. (85,86)
The encapsulation of drugs depends on synthesis method, which are many
and various for the polymeric NPs, including nanoprecipitation, emulsion, and
others. Solvent evaporation is a versatile and scalable method for producing
polymeric NPs from preformed polymers. Here, the polymer (e.g., PLGA) is
dissolved in a volatile organic solvent, now preferably ethyl acetate, and
emulsified into an aqueous phase toyield either single (o/w) or double (w/o/w)
emulsions. The single emulsion is devoted to encapsulating hydrophobic
drugs, while the double one to hydrophilic drugs. As the organic solvent is
evaporated under ambient stirring or reduced pressure, the polymer diffuses
through the interface and precipitates as solid NPs. By tuning these

parameters, particle sizes in the 60-200nm range can be achieved. (87)

Also the NP size and charge have key importance in the outcome of the

delivery, as evaluated by Gil-Vives et al. (2024) in their systematic review,
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suggesting that negatively charged, small to medium-sized, plain inorganic
systems could have toxic effects on the fetus during pregnancy, resulting in a

decreased birth weight.(88)

3.2. Doxorubicinin drug delivery systems
Several research have investigated the use of DOX-loaded NPs to address the
limitations of traditional DOX therapy, such as dose-dependent toxicity,
multidrug resistance, and low specificity against cancer cells.(31) They also
have been associated to less cardiotoxicity compared to free DOX
administration. There are several existing types of NPs used to face BC by

delivering DOX.

Among the various nanocarriers used one of the most famous is liposome, a
structure composed by a double layer of phospholipids and cholesterol (89)
that creates two different environments: the core of the vesicle is aqueous and
permits the encapsulation of hydrophilic compounds, while the hydrophobic
ones can be embedded within the tails of the lipids. (14) So, this structure
allows the delivery of both types of drugs. Several studies focused on how to
encapsulate DOX and deliver it at a targeted spot: Doxil ® is the first
chemotherapeutic nanosystem approved by FDA (Figure 8) (32). A preliminary
type of Doxil ® formulation has been assessed to be more effective and less
toxic compared to free DOX. Later it was introduced the PEGylated form of
Doxil ® with the covalent attachment of polyethylene glycol (PEG) that has a
hydrophilic nature resulting in a protective efficacy from interactions with
plasma proteins and the prolongation of the circulation time. (33,34) This
solution improves the quality of liposomial formulations, enhancing stealthing
functions, stability, kinetic release, hemocompatibility and many more.

(33,90)

28



(a) OLV-DOX (b) ULV-DOX (c) DOXIL®

1995

Figure 8: Historical evolution of Doxil ®. (a) The first liposomial formulations are oligolamellar
liposomes (OLV), they showed low therapeutic efficacy because of poor drug encapsulation
and non-specific accumulation in kidney and spleen. (b) The evolution brought to unilamellar
liposomes (ULV) with high encapsulation efficacy and finally to (c) PEGylated surface to give
“stealth” properties and improved tumoral targeting compared to free DOX.

On the other hand, polymeric NPs (e.g., PLGA-based systems) offer superior
physicochemical stability, prevent burst release, and enable a more sustained
and stimuli-responsive drug release profile. (35) A recent in vivo comparison
demonstrated that PLGA-doxorubicin NPs achieved a significantly lower
degree of cardiotoxic damage compared to liposomal doxorubicin, as shown
by reduced cardiac biomarkers (troponin T, NT-proBNP) and improved
myocardial histological profiles. (35,36) Additionally, polymeric carriers allow
higher drug-loading efficiency and enhanced stability in systemic circulation,
thereby improving tumor accumulation through the EPR effect and reducing
off-target toxicity. (91) These findings highlight that, although both liposomes
and polymeric NPs improve the safety and biodistribution of doxorubicin,
polymeric NPs provide additional advantages in terms of controlled release,
mechanical robustness, and reduced cardiotoxicity, making them a promising

alternative to conventional liposomal formulations for cancer therapy. (35,36)

3.3. DOX-loaded drug delivery systems and placenta
The encapsulation of doxorubicin inside nanovectors, in particular inside

liposomes, is a consolidated strategy to modify placental tissue distribution
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and to drastically reduce collateral effects. (92) The main objective is to
maximize the cancer targeting and minimize as much as possible the
transplacental passage towards foetus, improving the safety profile. (93)
Several studies on Doxil ® showed that the cellular uptake compared to free
DOX was significantly lower, and it revealed also less cytotoxicity on BeWo.
(26) This is due to the presence of a superficial layer of PEG, which makes the
nanocarrier stealth, resulting in a longer circulation time in blood flow (94), the
avoiding of non-specific interactions with superficial molecules of cells and
endocytosis inhibition (92,95). In human placental perfusion ex vivo, there
were not detected any DOX (coming from Doxil ®) on foetal environment in 4
hours, while free DOX was reaching 12%. Moreover, the accumulation of Doxil
®in placental tissue was very low (just 1%), very different from the 70% of free

DOX. (26)

Although most of the study focuses on liposomes, resulting in a solid
collection of data, the polymeric NPs offer promising advantages in terms of
versatility, stability and specific cellular targeting that can make them
favourable for some applications. For example, the chemistry of polymer
platform offers a biodegradable vehicle to encapsulate or bind drugs and
genes, allowing a more accurate control on the pharmacokinetics. Moreover,
they are considered as promising long-circulating platforms and thanks to
their composition and surface can be optimized to both reach specific cellular
targeting and avoid interactions with certain types of cells. (93) For example,
to treat preeclampsia a study synthesized NPs using a copolymer composed
by PEG and PLA, and it has been decorated superficially with CSA. (96) The
PEG has been used to give the stealth property (33,34), and the
functionalization to target specifically placental trophoblasts. (97) Although it
is not linked to polymeric NPs, it may be very relevant to draw attention to a
study that designed a nanosystem based on tannic acid and Fc fragment (T-
Fc-NP), loaded with Ivermectin (IVR) that aims to treat infection caused by the
Zika virus; very low placental crossing was recorded, making them promising

vehicles for avoiding placental crossing compared to free IVR, which naturally
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crosses the syncytiotrophoblast. This work highlights how interesting and
extremely necessary it is to create systems that can also prevent foetal
exposure. (98) In conclusion, drug delivery systems appear to be excellent
strategies for administering drugs while ensuring greater foetal safety: among
the various options, liposomes can guarantee this but can still accumulate in
placental tissue, while polymeric NPs can offer a solid solution for modulating
active targeting and controlled drug release simply by working with polymer
chemistry and functionalisation techniques, while maintaining the same

advantages as liposomes.
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MATERIALS AND METHODS

1. Materials
Poly (D, L-lactide-co-glycolide) (PLGA), Resomer RG 502H, polystyrene
equivalent molecular weight PSE - MW 7000 - 17000 KDa, was purchased
from Sigma-Aldrich. The lactic acid to glycolic acid ratio used was 50:50, free
carboxylic acid terminated. Poly (D, L-lactide-co-glycolide)- Flamma Fluor
near IR, with a lactide:glycolide ratio of 50:50 and a humber-average molecular
weight Mn 20000-30000 Da was purchased from Sigma-Aldrich. Alpha-Amino-
omega-carboxy poly (ethylene glycol) hydrochloride (H2N-PEG-COOH*HCL),
with Mp=2996 Da, was purchased from Iris-Biotech. Ethyl acetate solvent was
purchased from Sigma Aldrich. Polysorbate 80 (Tween 80°, HLB=15), suitable
for cell culture and Poly (ethylene glycol)-block-poly (propylene glycol)-block
poly (ethylene glycol) (Pluronic F-127°, HLB=18-23), suitable for cell culture
were purchased from Sigma-Aldrich. Dulbecco’s Phosphate Buffered Saline
(DPBS) 10X solution (1.37M sodium chloride, 0.119M phosphate and 0.027M
potassium chloride, presenting an osmolality between 270 and 300 mOsm/kg
(at 10mM concentration) was purchased from Thermo-Fisher Scientific.
(1S,3S)-3,5,12-trihydroxy-3 (hydroxyacetyl)-10-methoxy-6,11-dioxo
1,2,3,4,6,11 hexahydrotetracen-1-yl-3-amino-2,3,6-trideoxy-a-L-lyxo
hexopyranoside (Doxorubicin hydrochloride, DOX, 98%-102.0%)) was
purchased from Sigma-Aldrich. HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), = 99.5% purity, tritation grade, was purchased
from Sigma-Aldrich. D-(+)- Trehalose Dihydrate, with a molecular weight MW
of 378,33 Da and purity 2 98% was purchased from TCl Chemicals. Dulbecco’s
Modified Eagle Medium (DMEM) High Glucose (without L-Glutamine and
without sodium pyruvate), L-glutamine solution 100X (200mM) and Penicillin-
Streptomycin solution 100X were purchased from Biowest. F-12K Kaighn’s
Modification of Ham’s F-12 (with L-glutamine) was purchased from ATCC.
Trypsin-EDTA solution (0,25% Bioreagent, 2.5g/L porcine trypsin and 0,2g

EDTA/L) was purchased from Sigma-Aldrich. Avantor® Seradigm FB Essence
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(as Fetal Bovine Serum, FBS) was purchased from Avantor. (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT),) was
purchased from Gibco. Dimethyl sulfoxide (DMSO) and Formalin solution
neutral buffered (NBF, 10%) were purchased from Sigma-Aldrich. Water was

MilliQ® filtered (resistivity of 17.1 mQ-cm; surface tension =72.8 mN/m).

2. Cell lines

4T1 (malignant neoplasms of the mammary gland from female mice) was used
as a breast cancer model cell line and was purchased from ATCC (4T1-
CRL2539). MDA-MB231 was derived from a human breast adenocarcinoma
and was kindly gifted from Toni Celia-Terrassa from IMIM Research Institute.
BeWo (human cell line derived from placental choriocarcinoma) was used as
an in vitro model of human placenta because of their trophoblast-like
behaviour and was purchased from ATCC. 4T1 and MDA-MB231 cell lines were
maintained in DMEM supplemented with 10% (v/v) FBS, 1% (v/v) Penicillin-
Streptomycin and 1% (v/v) of L-glutamine. Bewo cell line was maintained in
F12-K and DMEM (ratio 50:50) supplemented with 10% (v/v) FBS, 1% (v/v)
Penicillin-Streptomycin and 1% (v/v) of L glutamine. Each cell line was

cultured at 37 °C, 5% CO,, and 95% atmospheric air until 80% confluence.

Figure 9: Microscope images of (a) 4T1, (b) MDA-MB231, (c) BeWo. Scale bar: 100 um.
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3. Methods

3.1. Synthesis of polymeric nano-emulsions and nanoparticles
The synthesis of polymeric NPs was carried out using the water-in-oil-in-water
(W1/0/W2) method. The work involves the use of two main types of polymers:
PLGA, used to synthesize blank NPS and NPS encapsulating doxorubicin, and
PLGA-%PEG, also in blank form and loaded with doxorubicin. The first W1/0
nano-emulsion is composed of an organic part of PLGA or PLGA-%PEG
solubilized in Ethyl Acetate+Pluronic F-127 1% v/v (acting as a surfactant) to
obtain a polymer concentration of 4.4% v/v, while the aqueous part consists
of MQ Water alone or DOX dissolved in MQ water at a concentration of 4.8
mg/mL. The primary emulsion is created by high-speed stirring (30 000 rpm for
2 min using UltraTurrax) and consists of 90% organic phase and 10% aqueous
phase as mentioned above. Immediately afterwards, to create the second
emulsion (W1/0)/W2, 7.8% v/v of W1/0, 1% v/v of Tween 80 (as a surfactant)
is added, and under continuous stirring (approx. 200 rpm), 91.2% v/v of MQ is
added drop by drop, using the reverse phase method (PIC). Once the nano-
emulsion is completed, the solvent is allowed to evaporate for 24 hours at
room temperature (25°C), allowing the transition from emulsion to particle, as

required by the solvent evaporation method.
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Figure 10: Schematic of double emulsion w1/0/w2 synthesis method used and DOX loaded
NP formation.
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3.2. Characterization of nanoparticles by Dynamic Light Scattering
The mean NE droplet and NP hydrodynamic diameter were determined by
DLS, (ZetaSizer NanoZS, from Malvern Co. Ltd., UK), equipped with a He—-Ne
red light laser (A = 633 nm). Measurements were conducted without diluting
the samples (100 pL), at a scattering angle of 173°, and under a constant
temperature of 25 °C, and 30 runs/replicate. Data was treated by cumulant

analysis. Each analysis was performed in triplicate.

The surface charge of the NPs was measured using the same instrument. The
samples were diluted 1:1 in aqueous solution, presenting the same

electrolytic concentration.

The instrument detects the laser light scattered by particles in a colloidal
suspension, which move constantly due to Brownian motion. Using the
scattering velocity, the instrument calculates the hydrodynamic diameter,
which involves not only the particle core but also the hydration layer and the
molecules surroundingit. The zeta potentialis the electrical potential between
the particle interface and the surrounding liquid and indicates colloidal
stability. It is calculated from electrophoretic mobility, i.e. the speed at which
a particle moves within an electricfield, applying the Smoluchowsky equation.
It is an extremely fast, non-invasive technique, but it does not detect the
individual movement of a particle, only collective fluctuations in the intensity

of scattered light over time. (99)

3.3. Cryo-Transmission Electron Microscopy (Cryo-TEM) for
morphological analysis

Cryogenic transmission electron microscopy is a tool for characterizing
colloidal systems, such as NPs. The sample is analysed with a microscope
that functions like an inverted optical microscope through a high-vacuum

electron beam, and is very representative of the original, native state.(100)
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An aliquot of the sample was absorbed by flotation onto carbon-coated
copper grids treated with light discharge. The samples were stained with 8 pL
of 2% uranyl acetate and then incubated for 1 minute at RT. The grids were

observed with JEOL JEM-1400 at an acceleration voltage of 120kV.

3.4. Evaluation of drug encapsulation capacity of nanoparticles
through Encapsulation Efficacy test (EE%)

To evaluate the loading capacity of doxorubicin in the polymeric carrier, the
encapsulation efficacy test was performed by ultrafiltration method, using
Amicon Ultra 0.5mL - 10K (Merck Millipore, USA). 500 pyL of NP sample were
taken and placed in the filter, and centrifuged for 5 min at 10,000 rpm at 22°C.
The supernatant containing the unencapsulated doxorubicin was recovered
and 100 uL were loaded onto a 96-well black plate in triplicate. The samples
were then analysed for fluorescence using the Infinity M Plex plate reader
(Tecan), excited at a wavelength of 1 =485 nm (doxorubicin emission peak (Fig.

11)).

Emission plot

Excitation plot

Figure 11: Fluorescence spectra of Doxorubicin. The maximum wavelength of excitation is
Aexc= 485 nm of emission is A.m= 590 nm. Image taken from Thermofisher.com (101).
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Data was analysed with Excel software, and represented as percentages using

the Formula 1:

(DOXtotal - DOXfree)
DOXtotal

EE% = X 100%

3.5. Evaluation of release kinetics of doxorubicin from the
nanoparticle

In vitro drug release studies were performed to analyse the kinetics of
doxorubicin release from the NP formulation. The test was conducted using
the dialysis method, using Spectrum Spectra/Por 1RC Dialysis Membrane
tubing (MWCO 6-8 kD) as a membrane that permits the diffusion of free DOX
while preventing NP leakage. The NP formulation was previously centrifuged
for 3 min at 10 000 rpm, the supernatant removed and resuspended in the
same starting volume of MQ water to eliminate unencapsulated DOX. A
formulation of free DOX solubilised in MQ water was used as a control at a
concentration of 0.18 mg/mL. The formulation was loaded into the membrane,
which was clipped and sealed in a Pyrex container containing a volume of MQ
water or MQ water supplemented with 10% FBS in a volume such as to ensure
a 1:100 ratio between sample and external medium. Three temperature and
medium conditions (at pH 7.8 and pH 5.2) were analysed in parallel for each

formulation:

- 37°Cin MQ water

- 37°Cin MQ water + 10% FBS, to simulate body condition.
- 25°Cin MQ water.

The formulations were kept at a constant stirring speed of 300 rpm. Aliquots
of the external medium were taken at the following time points: 30 min, 1h,
1.30h, 2h, 3h, 4h, 5h, 6h, 1d, 3d, 5d, 7d. The collected samples were then
loaded into a 96-well black plate and analysed for fluorescence using the

Infinity M Plex plate reader (Tecan), exciting at a wavelength of 1 = 485 nm.
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Figure 12: Schematic of dyalisis to evaluate the kinetics of doxorubicin release.

3.6. Long-term preservation of nanoparticles by lyophilization
Lyophilization, or freeze drying, is a process that initially involves freezing the
water contained in a sample, followed by its elimination through two phases:
the sublimation of ice (primary drying) under vacuum conditions and the
desorption of residual moisture (secondary drying). It is a delicate and
effective preservation technique, capable of reducing moisture contenttovery
low levels (less than 1%), while preserving the stability and integrity of
sensitive materials. (102) The freeze-drying process of the NPs followed
Professor Bruno Sarmento's model, which uses 10 mL of 10% w/v trehalose
for every 1 mg of PLGA. Applying this to both PLGA blank and DOX@PLGA NPs,
the same proportion was used, based on the amount of polymer contained in
the final volume of the formulation of NP. These samples were first frozen at -
80°C and -150°C for 12 hour and then dried for 24 hours at-90°C and 0.01 mbar
pressure using a Modulyo 4 K freeze-dryer. The design was extended to
Trehalose 5% w/v for further analysis. The samples were then removed, sealed
appropriately and kept at room temperature until use. They will be
resuspended (i.e. in the same volume as being lyophilized) or diluted in MQ

Water. The lyophilized NPs will be then analysed with DLS and with MTT assays.
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3.7. MTT essay to evaluate in vitro potential cytotoxicity
The MTT assay is a quantitative colorimetric cell viability assay. It involves the
chemical reduction of the water-soluble yellow dye MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to purple formazan

crystals within living cells. (103)

Three celllines were analysed and seeded at the following concentrations: 4T1
at 35,000 cells/mL, MDA-MB231 at 50,000 cells/mL and BeWo at 100,000
cells/mL. They were incubated for 24 hours at 37°C and 5% CO,. They were

subjected to various analyses, including:

- Calculation of the half-maximal inhibitory concentration (ICso) value, which
indicates the concentration at which cell viability is inhibited by 50%. This is
an important parameter because it provides a quantitative measure for
evaluating the therapeutic efficacy of compounds. The index value was
calculated using GraphPad Prism 8.0.1 software (GraphPad Software Inc., San
Diego, CA, USA), which fits the data using a four-parameter logistic regression

model (Formula 2), obtaining a symmetrical sigmoidal response curve: (104)

Yinax — Ymi
Y — len + max mlT;I

1+ (zs0)

The cells were administered different concentrations (uM) of free DOX and
DOX@PLGA. In the case of DOX@PLGA, the NPs were first centrifuged for 5
min at 10,000 rpm at 22°C to remove the supernatant with non-encapsulated
DOX, then resuspended in HEPES and administered for 24 h consistent with
the uM concentrations to be analysed. The cells were incubated for 24 h at

37°C and 5% CO.,.
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- Administration of blank PLGA NPs and DOX-loaded NPs, blank PLGA-%PEG
NPs and DOX-loaded NPs to reach 80% of the IC50 value of free DOX in BeWo
cells. The “fresh’ formulations were centrifuged for 5 min at 10,000 rpm at 22°C
to separate the NPs from the supernatant containing the non-encapsulated
DOX. They were then resuspended in HEPES and administered in order to
apply a quantity of DOX equal to 80% IC50 of BeWo. The same volumes were
also administered for the blank particles, in order to ensure comparability
between the formulations. The cells were incubated for 24 hours at 37°C and

5% CO,.

- Lyophilised and non-lyophilised NPs; the lyophilised particles were
resuspended in the same volume in MQ Water, while the “fresh” formulation
was prepared to have the same amount of Trehalose as the lyophilised NPs.
They were then administered to 4T1 cells to obtain three dilutions in the wells:
1:5, 1:10, 1:50. In the case of 1:5 dilution, each well contained 80% v/v DMEM
and 20% v/v NP; in the case of 1:10 dilution, each well contained 80% v/v
DMEM, 10% v/v NP and 10% v/v PBS; finally, in the case of 1:50, there was 80%
v/v DMEM, 2% v/v NP and 18% v/v PBS. The cells were then incubated for 24
hours at 37°C and 5% CO,,.

Negative controls (cells and culture medium) were also included in each
experiment as a reference. After the incubation, the MTT reagent was
administered together with the culture medium at a concentration of 0.5
mg/mL and incubated for 2 hours at 37°C and 5% CO,. The medium was then
aspirated and replaced with 100 yL of DMSO to allow the formazan crystals to
dissolve. The samples were stirred for 10 min at RT and then analysed for
absorbance at A = 570 nm with the Infinity® M Plex plate reader (Tecan) and
results were plotted to obtain the cell viability percentage using the Formula

3:
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Abssample - Absblank

x 100%
AbScontror — AbSpiank

Viability % =

3.8. Nanoparticles internalisation studies
Flow cytometry was used to evaluate the internalisation of NPs within the cell
lines under analysis. This technology allows simultaneous analysis of the
physical characteristics of particles or cells and the detection of specific
components using emitted fluorescence. The cells are aligned in a liquid
stream and passed one at a time through a laser beam. (104) internalisation
studies were performed on the three cell lines, seeded in triplicate (n=3) at the
following concentrations: 4T1 at 35,000 cells/mL, MDA-MB231 at 50,000
cells/mL and BeWo at 100,000 cells/mL. They were incubated for 24 hours at
37°C and 5% CO,. Following this, DOX-loaded PLGA and PLGA-%PEG NPs
were administered. Blank PLGA NPs (to detect the polymer alone) and free
DOX (to detect the drug alone) were administered as positive controls. A
negative control, with only the medium administered, was also included in the
analysis. After 24 hours of incubation, the cells were fixed using 25%vv trypsin,
25%vv 4% paraformaldehyde (PFA) and 50%vv culture medium. The analysis
was conducted with the CytoFlex flow cytometer, exciting DOX at 485 nm and
PLGA-Flammafluor at 749 nm (Fig. 13), and the data were processed in a
subsequent phase by plotting the percentage detected for each condition and

for each cell line.
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Figure 13: Fluorescence spectra of Flammafluor749. The maximum wavelength of excitation
iS Aexc= 749 nm of emission is A.m= 780 nm. Image taken from Thermofisher.com (101).

3.9. Statistical Analysis
Statistical analysis was performed using GraphPad Prism software, following
the guidelines of the American Psychological Association (APA) style. Unless
stated otherwise, the following conventions were applied to all the results.
Each experiment was performed in triplicates ensuring the reliability of the
measurements. The resulting mean values are reported as the result. Error is
reported as standard deviation calculation of at least, three independent

samples, using the following Formula 4:

X(x —w?

Hereinafter, "c" denotes the standard deviation, "x" represents an individual
data point, "u" signifies the mean of the data set, and "N" indicates the number
of samples. A non-paired sample T-test was used to determine statistical
differences between the condition of the study and the non-treated control.

Results were considered significant for a p-value less than 0.05.
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RESULTS AND DISCUSSION

1. Synthesis and physicochemical characterization of
nanoparticles

The NPs were synthesised using the W1/0/W2 double emulsion method. This
method is particularly suitable for encapsulating hydrophilic drugs such as
Doxorubicin in this case (87). To complete the method, the second emulsion
used the phase-inversion composition method, a low-energy method that
avoids working at high energies or extreme conditions (such as high
temperatures) while still obtaining nano-droplets. These conditions could
lead to denaturation or deactivation of the drugs, which is why this method is
particularly suitable for encapsulating drugs within NPs. (64) All the materials
chosen were selected with the aim of obtaining a system that is as
biocompatible as possible: PLGA is an FDA-approved polymer and its
biocompatibility is well known (105), ethyl acetate was used for its better
biocompatibility compared to other solvents (such as dichloromethane) and
forits volatility, which allows for easy elimination, Tween 80 and Pluronic F-127

were used as they are generally considered safe. (64)

The first analysis was performed using DLS to verify the hydrodynamic
diameter, the polydispersity index of the formulation and the Zeta potential.
Initially, the formulation is considered a nanoemulsion (NE), and after 24
hours and evaporation of the solvent, it is referred to as NPs. Fig. 14 shows
both the blank PLGA NPS and the PLGA loaded with DOX; both NPs have a
hydrodynamic diameter below 300 nm and a polydispersity index below 0.3.
The NPs are slightly smaller in terms of hydrodynamic diameter than their
respective NEs, and here too the polydispersity index is below 0.3. These data
suggest, first of all, that the formulations are almost monodisperse, ensuring
the homogeneity of the suspended NPS; the sizes are acceptable, and
although they are greater than 200 nm, they can be considered suitable for
oncological application due to the EPR effect. (81) Furthermore, the size and

PDI between blank NPS and DOX-loaded NPs remain almost unchanged,
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meaning that drug encapsulation does not adversely affect the synthesis

method.

Comparison of size and polidispersity index of NE and NP
of both PLGA_BLANK and DOX@PLGA
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Figure 14: Hydrodynamic diameter and polydispersity index of PLGA blank NE and NP (light
blue and blue) and DOX@PLGA NE and NP (light orange and orange). Statistical analysis is
performed to compare NE and NP between the two families and inside the same one; ns-

p>0.05; *p<0.0001.

Fig. 15 shows a comparison between PLGA NPs and PLGA conjugated with
PEG at different percentages (20%, 40%, 60%, 80% and 90%), both blank and
loaded. The size remains almost unchanged across all samples, except for
PLGA-PEG80% in both blank and Doxorubicin-loaded forms, while remaining
within a range compatible with biological application. The PDI remains
acceptable, in any case below 0.4. This analysis confirms that the addition of
PEG does not interfere with the synthesis method, making these NPs suitable

for biological application.
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Comparison of size and polidispersity index of NP
of PLGAPEG_BLANK and DOX@PLGAPEG
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Figure 15: Hydrodynamic diameter and polydispersity index of PLGA and PLGA-PEG% blank
NP (blue) and DOX@PLGA and DOX@PLGA-PEG% NP (orange). Statistical analysis is
performed to compare NP between the two families. Only significant comparisons are
reported; the others are all ns; ns-p>0.05; *p<0.0001.

The Zeta potential measures the electrical potential of the NP surface and
provides information on the colloidal stability of the formulation. For values
between -10 and +10 mV, the system can be considered neutral, while for
values below -30 mV, the system is considered anionic, and finally, for values
greater than +30 mV, the system is considered cationic. Since the cell
membrane has an overall negative charge, the more anionic the formulation,
the less it should interact with the cell. (106) Fig. 16 shows the quantification
of the Zeta potential for all the formulations examined, calculated using DLS.
Given the presence of PLGA in all formulations, the negativity recorded is not
surprising, as the polymer has chain terminations with COOH carboxyl groups,
which have a negative charge. PEGylation on the other hand is often
associated with a reduction in the absolute value of Zeta potential (107,108).

However, in this case, the conjugation between PLGA and PEG has left
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negatively charged terminal groups exposed, consequently showing a more
negative superficial charge. In addition, as confirmed by many other studies
(33,34,90), PEG is hydrophilic so exploited to give the “stealth” property.
Formulations with DOX have even more negative Zeta potential. Even though
Doxorubicin has a cationic character that could bind with the negative groups
exposed by the surface of the NP, the drug encapsulation may lead to different
prospectives: for example, a significant surface rearrangement of anionic
groups, or a predomination of drug incorporated rather than bind on the

surface.

It can therefore be summarised that the encapsulation of DOX and the
introduction of PEG into the nanosystem do not drastically change either the
size of the NP or the PDI, and furthermore, according to Zeta potential the NPs

ensure stability and suitability to biological applications.
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Comparison of Zeta Potential between NP of
PLGAPEG_BLANK and DOX@PLGAPEG
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Figure 16: Zeta potential of PLGA and PLGA-PEG% blank NP (blue), and DOX@PLGA and
DOX@PLGA-PEG% NP (orange). Statistical analysis is performed to compare NP between
two families and inside the same one. Only significant comparisons are reported; the others
are all ns; ns-p>0.05; *p<0.0001.
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2. Morphological analysis of NP formulation by Cryo-
TEM

A further analysis was performed on the NP formulations using Cryo-TEM,
which allows the shape and dispersion of the NPs in the suspension to be
visualised using a microscope. In Fig. 17a, all formulations have a spherical
shape and mostly constant dimensions. The particles encapsulating DOX
seem to aggregate slightly more than the blank formulations, which is in line
with the PDI values, which tended to be larger and therefore associated with
less monodisperse suspensions. Fig. 17b shows the size distribution graph of
the analysed NPs. The PLGA blank had the lower size, with a mean value near
to 200 nm. The encapsulation of DOX increased the size, recording a mean
value of c.a. 220 nm. The PLGAPEG100% blank had the highest size, but still in
a good range of values, and finally the DOX@PLGAPEG100% NPs had a very
similar mean size compared to DOX@PLGA. It’s evident that when including
PEG and DOX the tendency of the NPs is to record larger sizes, and this result
is fully in line with the DLS analysis. Although, the average size was always
below 300 nm, which confirms the potential of these NPs to be effective and

safe for biological applications.
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Figure 17: (a) Cryo-TEM images of PLGA_BL NP, DOX@PLGA NP, PLGAPEG100%_BL NP and
DOX@PLGAPEG100% NP. Scale bar=1 um. (b) Dot Plot distribution of sizes detected by TEM.



3. Evaluation of Encapsulation Efficacy (EE%) of drug
inside the nanoparticles

Assessing the drug encapsulation capacity is a very important step in both

completing the characterization of NPs and to quantify how much drug is

actually administered during the experiments.

Initially, the EE% was calculated on the DOX@PLGA NPs immediately, i.e.
waiting 24 hours after the synthesis of the NE to allow the residual solvent to
evaporate. The value recorded was 65.86% * 0.016. (Fig. 18) Of further interest
was the verification of the stability of the formulation in terms of DOX
encapsulation even after a long period, following the preservation of the
various samples in the refrigerator. The graph in Fig.18 shows that, even after
3 weeks, the EE% of DOX@PLGA NPs remains almost unchanged, suggesting
high stability of the formulation. The values calculated for the PEG-conjugated
particles are also reported, and all are recorded above 50%, with PEG at 20%
and 90% having the best scores. The data reported for these formulations are
only those after three weeks, as the aim was to evaluate the stability of the
formulations; supported by DLS analyses, it can be assumed that NPs
conjugated with PEG behave in a very similar way to NPs with PLGA alone. For
this reason, from this point onwards, for simplicity's sake, it will be assumed

that the average EE% of the NPs is 60%.
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Evaluation of EE% of PLGA and PLGA-PEG% loaded
with DOX
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DOX@PLGAPEG20%

EE%

Figure 18: EE% values of different NP, the first column represents the calculation right after
the synthesis of the NP, the other columns represent the other formulations after 3 weeks.

4. Determination of drug release kinetics by dialysis
The in vitro drug release test (DRT) is useful for interpreting the behaviour of
the NP, its degradation and drug release, compared to a control of non-
encapsulated drug (Fig.19). In cases where the external medium consisted of
MQ Water, the test showed visible differences between free DOX and NP: the
control condition recorded a burst release of approximately 40/50%, which is
plausible considering the small size of the molecule and its high solubility in
aqueous medium. On the other hand, DOX encapsulated in NP recorded a
significantly reduced and more controlled release profile, thus confirming the
ability of NP to encapsulate the drug and modulate its diffusion. Itis interesting
that the temperature in the case of encapsulated DOX is irrelevant to the
release profile. These results are consistent with what emerged from the
analysis of the EE% of the NP after 3 weeks: the system remains extremely

stable when dispersed in MQ Water. When the external medium is MQ
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Water+10%FBS, used to mimic biological interactions with proteins, the
release of DOX from the NP is slightly higher. This could be caused by
interaction with serum proteins; there may be enzymatic cleavage of ester
bonds, which then induces higher release (109). Results obtained in this

condition are still consistent with literature (110).

DOX Release Test with Free DOX and
DOX@PLGA
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Figure 19: Cumulative release percentages of Free DOX and DOX inside PLGA, measured at
pH 7.8, in three different conditions: 25°C in MQ Water, 37°C in MQ Water and 37°C in MQ
Water+10%FBS.

Another analysis is shown in Fig. 20; the aim is to compare the release profile
at physiological pH and at acidic pH. Acidic conditions are typical of tumour
environments and within endosomes, i.e. the vesicles into which
molecules/NPs are internalised by endocytosis. At pH 5.2, the release of free
DOX is much higher than under physiological conditions; this is due to the
greater solubility of DOX, which, being a weakly basic molecule (pKa = 8.2-
8.6), becomes protonated in acidic solutions and is more soluble in aqueous
media. (111-114) As regards DOX encapsulated in the NP, no significant
increase is observed compared with the physiological condition. However,
numerous studies in the literature report that at acidic pH, the release of DOX
is significantly faster, as the polymer degrades due to the cleavage of acid-
labile bonds (such as esters, Schiff bases, etc.), releasing more of the drug,

which protonates and becomes more soluble (115,116). The two conditions at
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pH 7.8 can be considered consistent with other studies, which report more
limited and controlled releases due to the stability of the NP matrix.

(110,115,116)

DOX Release Test with Free DOX and
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Figure 20: Cumulative release percentages of Free DOX and DOX inside PLGA, measured at
pH 7.8and pH 5.2, at 37°C in MQ Water+10%FBS.

5. Evaluation of lyophilization processes and

biocompatibility assessment

5.1. Lyophilization methods to ensure long term preservation of
nanoparticles

The NPs were freeze-dried using Professor Bruno Sarmento's method, and
frozen under two different conditions: -80°C and -150°C. After freeze-drying,
the NPs were analysed using DLS in terms of hydrodynamic diameter and
polydispersity index and were both resuspended and diluted in a volume of
MQ Water. In Fig. 21, the data collected showed, in general, that freeze-drying
significantly increases the size of the NPs, especially when frozen at -150°C.
This is probably due to aggregation between the particles, even though the
presence of trehalose should prevent or at least limit this phenomenon (117).

When diluted, the size decreases, suggesting that the aggregates formed are
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weak and disintegrate when the concentration decreases. The PDI values

indicate on average that the formulations are moderately polydisperse.

Comparison of size and polidispersity of lyophilized
NPs frozen at -80°C and -150°C
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Figure 21: Hydrodynamic diameter and polydispersity index of DOX@PLGA (orange) and
DOX@PLGA-PEG90 NPs (green). They have been frozen at two different temperatures: -80°C
and -150°C. The solution of dilution and resuspension is MQ Water. The dilution is done in
three times the resuspension volume. Statistical analysis is performed to compare NPs
between the two different freezing methods. Only significant comparisons are reported; the
others are all ns; ns-p>0.05; *p<0.0001.

5.2. Evaluation of lyophilised nanoparticles cytotoxicity by MTT assay

Cell viability tests were performed to verify the effects of administering
lyophilised NPs. An initial experiment, shown in Fig. 22, was performed on 4T1
cells. The cells were administered blank PLGA NPs and DOX@PLGA NPs, both

lyophilised and fresh, in three different dilutions. Clearly, the systemis NP and
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time dependent: as the amount of DOX or NPs increases, the vitality rate
decreases, and the same is true as exposure progresses. In the case of blank
NPs, apart from the case of higher concentration, the recorded viability is quite
high, suggesting good biocompatibility. Conversely, in the case of NPs loaded
with DOX, a high toxicity rate is generally recorded. This could be due to the
presence of free DOX, as the NPs were not centrifuged before administration
to remove unencapsulated drug residues. The most relevant result emerges
from the comparison between lyophilised and “fresh” NPs, in which no
substantial differences are observed, and lyophilisation does not appear to
induce toxicity. Although optimisation of the lyophilisation process is
necessary, this aspect confirms that administration can be safe and

comparable to “fresh” formulations.

Evaluation of cell viability administering lyophilised PLGA_blank
DOX@PLGA with Trehalose, 24H
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Evaluation of cell viability administering lyophilised PLGA_blank
DOX@PLGA with Trehalose, 48H
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Figure 22: 4T1 viability with the administration of PLGA_blank and DOX@PLGA NPs. The NPs
used were lyophilized and non-lyophilized. They are administered in three different
concentrations. The amount of DOX and polymer is stated in the x axis. Statistical analysis is
performed to compare NPs between lyophilized and fresh formulation. Only significant
comparisons are reported; the others are all ns; ns-p>0.05; *p<0.0001.

Another experiment (Fig. 23) was conducted on all cell lines in this study,
administering both lyophilised and fresh PLGA blank and DOX@PLGA. In this
case, the amount of polymer administered was 3.1 pg and that of doxorubicin
was 0.49 pg. The results confirm the observations from the previous
experiment: blank NPs are almost non-toxic, while the toxic effect of the drug
is time-dependent; the cytotoxicity induced by DOX-loaded NPs is marked,
probably due to the unencapsulated drug. It is interesting to note that the
human breast cancer line is more resistant than the other two. Finally, the
most relevant observation is again the similarity in the effects induced on cells
between lyophilised particles and the “fresh” formulation. This data further
confirms the comparability between the two formulations, so from now only

“fresh” formulations will be administered.
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Evaluation of cell viability administering PLGA_BLANK and
DOX@PLGA lyophilized and "fresh", 24H
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Evaluation of cell viability administering PLGA_BLANK and
DOX@PLGA lyophilized and "fresh", 48H
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Figure 23: Cell viability with the administration of PLGA_blank and DOX@PLGA NPs. The NPs
used were lyophilized and non-lyophilized. The amount of DOX is 0.49 ug and polymer is 3.1
ug. Statistical analysis is performed to compare NPs between lyophilized and fresh
formulation. Only significant comparisons are reported; the others are all ns; ns-p>0.05;
*p<0.0001.
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6. ICso determination and differential sensitivity to
free Doxorubicin and DOX-loaded nanoparticles

The ICso value is a very significant parameter for estimating the therapeutic
window for drug administration. Fig. 24 shows a comparison between the
administration of free DOX and DOX@PLGA NPs to tumour cells (4T1 and
MDA-MB231) and placental cells (BeWo). In the case of free DOX, different
molar concentrations of DOX solubilised in water were administered to the
cells, while in the case of NPs, the quantities were calculated taking into
account the encapsulation efficiency of DOX. The data are reported in terms
of cell viability and logarithmic concentration of DOX. The effective
concentration values obtained from these analyses are reported in the Table

2.

Table 2: ICs, values of DOX and DOX@PLGA in different cell lines.

CELL LINE ICsoto FREE DOX ICso to DOX@PLGA
4T 0.89 uM 9.51uM
MDA-MB231 15.51 pM 20.22 yM
BeWo 0.71 uM 11.75 uM

The data reported are supported by other studies (26,64,118). Encapsulation
in each cell line reduces immediate toxicity, probably since the drug is not
immediately available and must be released gradually from the platform in
which it is encapsulated. Controlled release is consistent with drug release
test analyses and with evidence of time-dependent cytotoxic effects obtained
from the MTT assay on lyophilised and non-lyophilised NPs. The most
important result is recorded on placental cells, as when subjected to
encapsulated drug they are 17 times less sensitive than when administered

free drug. This suggests that the NP improves the reduction of placental
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toxicity, while maintaining antitumor activity, leading to a potential

improvement in the therapeutic window.
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Figure 24: ICso graphs, on the left the exposure is to free DOX, on the right to DOX@PLGA. The
data had been analysed with Graphpad by applying Formula 3. The concentration is reported
on a logarithmic scale in accordance with the process of data, and in order to visualize the
sigmoid.
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7. Evaluation of nanoparticles cytotoxicity by MTT
assay

The MTT assay was performed to assess the viability of cell lines exposed to
the treatments under study. This test is extremely important for evaluating the
efficacy and biocompatibility of NPs with tumour models (4T1 and MDA-
MB231) and placental models (BeWo). The 4T1 cell line is one of the most
widely used breast cancer models. It comes from mice and is a particularly
aggressive and metastatic type of tumour. In fact, it is considered a model of
Triple Negative Breast Cancer (TNBC), as itis ER-, PR- and HER2- (119,120) It
is often described as DOX-resistant, especially due to the expression of efflux
transporters (P-gp) (119,120). This cell line was obviously also included with a
view to subsequent in vivo analysis. MDA-MB231 is a human cell line, which is
also a highly aggressive TNBC model (120-122) Compared to other lines, it is
less sensitive to DOX, but not completely resistant (121,123). It was included
in the study to provide a control for the human tumour model, for comparison
with the murine model. Finally, BeWo is a human cell line considered a model
of placentaltrophoblast, often used in vitro as a model of the placental barrier.
BeWo often show high sensitivity to cytotoxic drugs (124). In the following
study, they are used to assess foetal safety and potential placental passage of

the drug.
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Figure 25: MTT assays to assess the cytotoxicity of PLGA-PEG% blank and DOX at (a) 24h and
(b) 48h. The dose of DOX administered is 80% IC50 of free DOX of BeWo (0.568 uM).
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Fig. 25 shows the graphs of the analysis carried out by administering all NP
formulations in order to obtain a theoretical amount of DOX equal to 80% of
the ICs, free DOX of BeWo (approx. 0.568 pM). The analysis is deliberately
placenta-driven, in order to understand what happens biologically to cancer
cells ata dose thatis relatively tolerable for the placenta. At both 24h and 48h,
the viability of each cell line upon administration of the blank NPs is always
above 70%, suggesting good biocompatibility of the formulations. The
substantial difference is noted in the DOX-loaded NPs, thus confirming that it
is the sole effect of DOX that induces cytotoxicity under these conditions. It
can be seenthatin DOX@NPs at 24h, the most significant cytotoxicity is visible
in 4T1 and BeWo, while MDA-MB231 is less affected, which is in line with the
ICso analyses, which showed that the effective concentrations of the first two
cell lines were very similar to each other and higher than that of the human
tumour line. At 24 hours, the trend for all cell lines is generally similar. This
could be a sign that the DOX is encapsulated and therefore not immediately
available, which could be the initial effect. Although the DRT suggests a
significant burst release in the first 24 hours, the cells may still need time to
internalise the DOX. At 48 hours, an important difference emerges between
the lines: the tumour cells seem to “recover” vitality, while the BeWo cells
show a drastic decline in vitality. It is possible that in tumour cells this
phenomenon is due more to their proliferative dynamics than to an absence of
the drug's effect; cells still viable at 24 hours may have repopulated the wells,
precisely because tumor cells are known to have very intense replicative
activity. The same observation cannot be made for BeWo cells, whose
replicative activity is significantly slower. Furthermore, the burst release at 24
hours could translate into more evident death at 48 hours, because the
maximum biological effect may require more time to produce results.
Moreover, BeWo cells are the most sensitive to free DOX, so it is likely that
cytotoxicity is also higher. All these factors could accumulate and lead to the
results obtained. It therefore appears that the first 24 hours are the most
important for administering the therapy. The most suitable therapeutic

window for effectively observing what happens in cancer cells is likely to be

62



shorter, preventing them from starting to reproduce and compromising the
true cytotoxicity induced by NPs. One clear finding from this analysis is the
time-dependent effect induced in the cells. Furthermore, it can be noted that
the conjugation of PLGA with PEG helps to improve the vitality profile,
achieving a trend that is reproduced almost equally in all cell lines; therefore,

this formulation possesses indiscriminate stealth properties.

8. Internalization studies by flow cytometer
Cellinternalisation tests provide interesting information on the localisation of
the polymer and DOX in contact with cells. The analysis was performed using
flow cytometry, administering a quantity of DOX equal to 80% of the ICs, of free
DOX in BeWo cells for each condition. The information obtained from the
graphs in Fig. 25 is different: in case (a), the % in Parent indicates how many
cells are positive, i.e. have internalised DOX or polymer; in case (b), the
Geomean represents the average fluorescence of those specific cells, in other

words how much DOX/polymer they have internalised.
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(a) Cytometer analysis in Parent administering 80% IC50
of free DOX of BeWo

e %DOX in PARENT 4T1 e %DOX in PARENT MDA-MB231 e %DOX in PARENT BeWo
o %POLYMER in PARENT 4T1 o %POLYMER in PARENT MDA-MB231 ¢ %POLYMER in PARENT BeWo

40 *

20+

% in Parent

R R S Y Y

%
N
<

N g
&P TS ST P St 2

(NP O Lo g e i c ) ¥ oV ¥ Ny J<alic
ng" U@ L L LK ng-’ w40 OO L Q_é'f WO L
XL X F F XX CFL KX F F KX TS X F FF
QY Vv v gV oV QT VvV Vv v SR S g g S
RORCORCONCAS) RORCRCORCORC ROMORCORCORC
CEE L P L P PP L PP
(b) Cytometer analysis Geomean in Parent administering
80% IC50 of free DOX of BeWo
¢ %DOX Geomean 4T1 e %DOX Geomean MDA-MB231 * %DOX Geomean BeWo

s %POLYMER Geomean 471 ¢ %POLYMER Geomean MDA-MB231+s %POLYMER Geomean BeWo

- 500000

Bx108~
- 400000
o
5 *% - 300000 S
o 4x105 = — i
= k-
o =1
s ] ] P ks »
S =
& = 200000 E
2x106
I H E - 100000

0- -0

'\Q}’Oo*;y- ,sl"\s’V" r§\° bp:h\e 6@\0%@\0 q@\e ‘\chd‘- \gk'vov' ’l§\° bsg\e éﬁ\a q§\° (5@\0 ,\Q—V00+ v_@*'\/@?' "|§\° §\° Q}Q@\“%@\“ ‘§\°

CE FSLELLLL CE T LELELELL Ce d FLELELL L

PN A 3K &7 4 Y Y QY U ¢ PR g A

C OO FFFFSF C O F KK KT C O FFFF T

MR QT Vo gV o GV g Q¥ VgV oV o7 v
& .6 & & & . 666 SHOMHCNC
ptaptoaaalo o gt ot ot 6" SF gF ot ot gt
PP PP FFFFe FFFFe

Figure 26: NP internalisation in 4T1, MDA-MB231 and BeWo cells. The DOX dose
administered is equal to 80% of the IC50 of free DOX in BeWo (0.568 uM). (a) Shows the
internalisation of NPs as a percentage of the Parent population, i.e. the population of cells
identified as alive and as singlets. (b) Shows the Geomean value, i.e. the fluorescence
detected in each sample of the Parent population. Statistical analysis is performed to
compare each condition with its own control. Only significant comparisons are reported; the
others are all ns; ns-p>0.05; *p<0.0001.
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Fig. 26(a) shows that only a small portion of 4T1 cells internalise DOX, which
is consistent with their DOX-resistant behaviour. In MDA-MB231 cells, on the
other hand, exposure to free DOX results in a high number of positive cells,
approximately 35%; when NP is administered, this value falls dramatically to
around 3-6%. Most likely, free DOX enters more easily through passive
diffusion, while NPs require active transport, which is why uptake is lower. In
line with the ICs values obtained and the cytotoxicity tests, it can be assumed
that, despite the high uptake, the cell line is still very resistant to this
concentration of the drug. As for MDA-MB231, in the BeWo free DOX enters

easily, while NPs are less internalised.

From Figure 26(b) it can be assumed that in the case of 4T1, DOX fluorescence
appears very similar in all cases (except for the PLGA blank, which is likely an
outlier). In the case of tumoral human cells, the free DOX signal is very high,
while that of NP is lower. Finally, BeWo cells show the highest Geomean
values, suggesting that the cells can accumulate a lot of drug, which is
logically in line with their high sensitivity to DOX and the effective
concentration values obtained. Unfortunately, the Polymer is difficult to
detect, especially in Fig. 26(b). This is due to the fluorophore with which it is
tagged, FlammaFluor-749, whose wavelength excitation peak is not very
compatible with the detection capacity of the instrument used for the
analysis. As for the role of PEG, once again it would appear that the 20% and
90% formulations have the most pronounced “stealth” properties, recording

very low values both within the Parent population and in the Geomean.

In general, in NPs, the Parent percentage drops significantly compared to free
DOX, but at the same time, the Geomean remains high. Therefore, even if few
cells internalise the system, those that do internalise it do so in significant

amount.
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LIMITATIONS AND FUTURE PERSPECTIVES

This study has some limitations that need to be properly looked at and that

open the door to potential future developments.

First, the analyses were only done in vitro, so it wasn't possible to check the
biodistribution of the NPs in animal models and how well the drug passes
through the placenta. Furthermore, BeWo cells represent a simplified model
of the placenta, which does not fully reproduce its complexity. The
introduction of PEG to ensure a longer stay in the body, although effective
overall, may in some cases be unsafe: since the recent introduction of mRNA-
based COVID-19 vaccines, attention has focused significantly on allergic
reactions induced by PEG. (125,126). Cell internalization studies were not
entirely accurate due to the low intensity of the signals detected, thus limiting
the precise quantification of polymer and DOX absorption in cells. Finally,
although a better therapeutic window has been identified, this improvement

remains moderate and requires further optimization.

Considering these considerations, several future developments can be
suggested. First, it will be necessary to evaluate the passage of NPs through
more complex and comprehensive placental barrier models, such as co-
cultures or three-dimensional models of the placenta. At the same time, in
vivo studies would allow the effectiveness of NPs to be evaluated under more
realistic conditions. Optimizations can also be suggested at the NP
formulation level: surface functionalization, for example, would allow the
tumor to be targeted and further reduce interactions with placental cells; in
addition, replacing PEG with the zwitterionic polymer ZION could be more
effective and solve the problems of PEG allergies (127). Finally, it will be
essential to further optimize the lyophilization processes, which are extremely

important in terms of production scalability and future clinical application.
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CONCLUSIONS

This study developed and characterised PLGA and PLGAPEG-based NPs for
the controlled delivery of the chemotherapeutic drug Doxorubicin in the

treatment of pregnancy-associated breast cancer.

The NPs were successfully synthesised and are chemically-physically
compatible with potential biomedical applications. DOX was effectively
encapsulated in the polymer platform, with a percentage value of 65%, and
the formulation demonstrated good stability over time. Dialysis performed to
evaluate DOX release showed that the formulations exhibit controlled release
dependent on temperature and medium, unlike the much faster diffusion

observed for free DOX.

The blank NPs showed good biocompatibility, suggesting that the polymer
does not induce toxicity and can be considered a safe carrier. The effective
concentration value, when DOX was encapsulated, increased significantly,
particularly in placental trophoblast cells, suggesting the need to use a drug
delivery system to better protect the placenta. Cell viability studies showed
time-dependent cytotoxicity of the formulations. Furthermore, conjugation
with PEG showed a positive and increasing trend with the percentage of
polymer introduced, suggesting that modulation with a polymer that has

stealth properties can positively modulate biological interactions.

Finally, experiments conducted on lyophilised NPs require further
optimisation in physical-chemical terms, but experiments conducted on cells
have shown that there are no significant differences between the
administration of fresh and lyophilised formulations. This result supports the
potential of lyophilisation as a tool for long-term preservation of NPs and for

making production scalable.

Although further steps and optimisations are needed to make the work more
solid and complete, the results obtained indicate promising prospects for

improving the safety profile of doxorubicin during pregnancy.
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