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ABSTRACT

ANTONIO, L. C. Polysaccharides as stabilizing and coating agents of polymeric
nanocarriers for chemotherapeutics delivery. 2023. 112 p. Dissertation (Master in Science)
- Instituto de Fisica de S&o Carlos, Universidade de Sao Paulo, S&o Carlos, 2023.

Polymeric nanocarriers (NCs) are efficient vehicles to delivery therapeutics to cancer,
preventing drug unspecific biodistribution and increasing the drug amounts delivered to the
tumor tissues. However, the NCs interaction with biological systems still lack a comprehensive
assessment. In this dissertation we investigate how does polysaccharides affect the interactions
between nanomaterials and cancer cells, as well as cancer-associated cells. In Chapter 1 we
studied the interaction of poly (lactic acid-co-glycolic acid) (PLGA) NCs prepared using Dex
as stabilizing and caping agents with myocardial cells (H9C2), breast adenocarcinoma cells
(MCF-7) and macrophages (RAW 264.7). By emulsion diffusion method, doxorubicin-loaded
NCs were prepared with no Dex (PLGA-DOX), 1 %(w/v) (Dex1/PLGA-DOX) and 5 %(w/v)
(Dex5/PLGA-DOX) NCs. Our results highlight that control over the amount of Dex added to
the formulation of PLGA NCs impacts their interaction with non-phagocytic cells due to the
decrease of protein adsorption (protein corona formation) with the increase of dextran amount.
For doxorubicin-loaded formulations, the highest amount of Dex (5 %(w/v)) led to oxidative
membrane damage and increase of early apoptotic events, suggesting that it may contribute to
the long-term adverse effects more substantially than formulations with lower Dex
concentrations or without Dex. In Chapter 2 we explored the binding between hyaluronic acid
(HA) and CD44, a receptor that mediates cell-cell and cell-matrix interactions, to transport a
nanotherapeutic to the leukemic cells. To assess the macrophages’ ability to effectively deliver
NCs via CD44-targeting to acute myeloid leukemia (AML) cells, we studied their interaction
with the NCs in co-cultures of macrophages (RAW 264.7) and AML cells (C1498). Three
configurations of PLGA-based NCs were evaluated, namely: i) NCs modified with
polyethylene glycol (PEG), to evade the immune system; ii) NCs modified with HA, CD44-
HA binding and iii) non-modified NCs (carboxyl moiety). Macrophages previously exposed to
NCs were co-cultured with AML cells and the uptake and delivery of NCs to AML cells were
analyzed by flow cytometry. As a consequence of CD44 increased intensity, (PLGA)-PEG-HA
NCs adhered to the membrane of pro-leukemic macrophages. Also, (PLGA)-PEG-HA NCs
were delivered to AML blasts by cell-to-cell interaction, accumulating into the leukemic cell

and increasing cancer cells’ death. Overall, our results suggest that macrophage-based deliver



of (PLGA)PEG-HA NCs loaded with ATO is a promising platform to treat AML as
(PLGA)PEG-HA NCs can improve targetability by adhering to AML-related macrophages and
reduce AML blasts viability in vitro.

Keywords: Nanomedicine. Polymeric nanocarriers. Polysaccharides. Controlled drug delivery.
Cancer.



RESUMO

ANTONIO, L. C. Polissacarideos como agentes estabilizantes e de revestimento em
nanocarreadores poliméricos para entrega de quimioterapicos. 2023. 112 p. Dissertacéo
(Mestrado em Ciéncias) - Instituto de Fisica de S&o Carlos, Universidade de S&o Paulo, S&o
Carlos, 2023.

Os nanocarreadores (NCs) poliméricos sdo veiculos eficientes para a entrega de agentes
terapéuticos ao cancer, evitando uma biodistribuicdo inespecifica e aumentando a quantidade
de farmaco entregue a tecidos tumorais. No entanto, a interacdo dos NCs com sistemas
bioldgicos ainda precisa ser avaliada de forma abrangente. Esta dissertacdo estuda o efeito de
polissacarideos na interacdo entre nanomateriais e células de céancer, assim como células
associadas ao cancer. No Capitulo 1, estudamos a interagdo de NCs de poli (&cido lactico-co-
acido glicolico) (PLGA) preparados usando dextran (Dex) como agente estabilizante com
células de miocardio (H9C2), células de adenocarcinoma mamario (MCF-7) e macrofagos
(RAW 264.7). NCs carregados com doxorrubicina (DOX) foram preparados sem Dex, com 1%
(p/v) e 5% (p/v) de Dex. Nossos resultados destacam que o controle sobre a quantidade de Dex
adicionada a formulacdo dos NCs impacta sua interagdo com células ndo fagociticas devido a
diminuicdo da adsorcdo de proteinas (formacdo de corona proteica) com o0 aumento da
guantidade de Dex. Para formulagdes carregadas com DOX, a maior quantidade de Dex (5%
(p/v)) levou a danos oxidativos na membrana e aumento de eventos apoptoticos precoces,
sugerindo que pode contribuir para os efeitos adversos a longo prazo mais substancialmente do
que formulacdes com menor concentracdes de Dex ou sem Dex. No Capitulo 2 exploramos a
ligacdo entre o &cido hialurénico (AH) e o CD44, um receptor que medeia a interacdo célula-
célula e célula-matriz, para transportar um nanoterapéutico a células leucémicas. Para avaliar a
capacidade dos macrdfagos de efetivamente entregar NCs para células de leucemia mieloide
aguda (LMA), estudamos a interacdo dos NCs em co-culturas de macrofagos (RAW 264.7) e
células de LMA (C1498). Foram avaliadas trés configuracbes de NCs de PLGA: i) NCs
modificadas com polietileno glicol (PEG), para evadir o sistema imune; ii) NCs modificados
com AH, para interagdo CD44-AH e iii) NCs ndo modificados (terminagdo carboxil).
Macrofagos previamente expostos a NCs foram co-cultivados com células de LMA e a absorgédo
e entrega de NCs para células AML foram analisadas por citometria de fluxo. Como

consequéncia da superexpressao de CD44, NCs de (PLGA)-PEG-HA aderiram a membrana de



macrdfagos pro-leucémicos. Também, NCs de (PLGA)-PEG-HA foram entregues aos blastos
de LMA por interacdo celula a célula, acumulando-se nas células leucémicas e aumentando sua
morte. No geral, nossos resultados sugerem que a entrega baseada em macréfagos € uma
estratégia promissora para tratar LMA, pois pode melhorar a capacidade de direcionamento dos

NCs modificados com AH e reduzir a viabilidade de blastos de LMA in vitro.

Palavras-chave: Nanomedicina. Nanocarreadores poliméricos. Polissacarideos. Entrega

controlada de farmacos. Cancer.
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1 INTRODUCTION

Despite recent advances in cancer treatment, this disease remains a global public health
problem, causing the death of over 10 million people worldwide in 2020.! The use of
nanocarriers (NCs) as vehicles to delivery therapeutics to cancer cells has emerged as a
promising strategy to advance cancer treatment by preventing drug unspecific biodistribution
and increasing drug accumulation in the tumor tissues.? NCs loaded with chemotherapeutics
were reported to overcome drug resistance in tumor cells and reduce drug dosage to treat cancer,
reducing long term side effects, prolonging patient survival, as well as resulting in disease
remission.>® However, some aspects of this delivery system still lack a comprehensive
assessment such as the NCs interaction with the biological systems. An in-depth investigation
of how does NCs’ physico-chemical properties affect their interaction with cells is pivotal to
ensure the safety of the NCs. Furthermore, exploring the NCs properties and their effect in
cancer cells, as well as in cancer-associated cells may guide the development of novel
nanotherapeutics with boosted anti-cancer activities. This dissertation explores the
polysaccharides effects in the interaction between nanomaterials and cells aiming to reduce the

toxicity of the NCs to health cell while increasing drug accumulation into cancel cells.

1.1 Polymeric Nanocarriers

Since the 1960s, polymeric nanocarriers (NCs) gain ground on drug delivery to
overcome high dosage and unspecific biodistribution.®'! The enhanced in vivo stability and
versatility, occurring by different possibilities in base-polymers and cargo molecules including
hydrophilic and hydrophobic drugs, as well as the promising preferential accumulation at tumor
sites highlighted the polymeric NCs as promising platforms to delivery anti-cancer agents.?
Several polymer based nanotherapeutics heve been used in the clinic or are in clinical trial phase
such as Lupron Depot® and Trelstar®, both used to treat prostate cancer.!® This delivery
system can be synthesized from natural or synthetic polymers, with several different properties
(e.g. size, shape, surface-charge, surface ligands and others) that can be optimized to boost NCs
effectiveness in the cancer treatment.’* The size of the NCs affects their blood half-life and
polymeric NCs with hydrodynamic diameter between 20 to 300 nm have a longer blood

circulation time than larger NCs. In addition, small NCs have often improved tumor
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penetration.’™ 1 The NCs shape influences in the biodistribution, biological barrier-crossing
and cellular uptake.t>1® Anisotropically shaped particles can evade phagocytosis for prolonged
durations while spherical NCs usually presents greater cellular uptake.® Surface charge also
impacts cell uptake and positive surface charge maximize NCs interaction with cell membrane,
increasing uptake by nonphagocytic cells.!’-1® A widely used strategy to prolong NC circulation
and increase NC’s targetability is the addition of ligands to the NCs’ surface: the ligand type,
position and density alter the NCs’ bioactivity.'> Premature drug release is the major cause of
low accumulation of the cargo drugs into tumor sites, therefore, controlling the drug release
rate is pivotal to effectively target tumor sites.’* NCs prepared from hydrophobic polymers have
slower degradation rate in physiologic conditions, resulting in extended drug release rates.®
Polymeric NCs have simple formulation parameters and the commonly applied methods to
synthesize polymeric NCs are physical entrapment methods such as nanoprecipitation and
emulsification. Choosing a formulation method relies on cargo drug physicochemical properties
as well as particle size, shape and drug load requirements. Depending on the preparation method
and cargo drug physicochemical properties such as hydrophobicity, the drug can be
encapsulated within the NP core, entrapped in the polymer matrix, covalently conjugated to the
polymer backbone or grafted to the polymer surface.?? Nanoprecipitation methods consist in
the polymer precipitation from an organic solvent when water is added, self-assembling into
core-shell-like structure to reduce system’s free energy. Emulsification methods require an
additional input of energy to form the NCs. Oil-in-water (O/W), water-in-oil (W/O), and water-
in-oil-in-water (W/O/W) emulsions are prepared under intense shear stress from an organic
water-immiscible phase containing the polymer and the aqueous phases containing
surfactants.?

Poly(lactic-co-glycolic acid) (PLGA) is a co-polymer of poly lactic acid (PLA) and poly
glycolic acid (PGA) widely used in biomedical applications because of its biocompatibility,
biodegradability, as well as its metabolization into endogenous monomer PLA and PGA,
ensuing minimal toxicity. Approved by US FDA and European Medicine Agency (EMA),
PLGA nanoparticles can successfully carry hydrophilic and hydrophobic drugs providing
protection from drug degradation, sustained release and an engineerable surface.?! Several
synthesis parameters such as solvent polarity, surfactant type, PLGA and surfactant
concentration, organic/water phase ratio, drug affinity to external water phase and synthesis
method affect drug loading capacity of the NCs and release kinetics, however it remains
suboptimal.?? Upon dispersing the PLGA polymer within a partially water-soluble organic

solvent and preparing the NCs by double emulsion method, the encapsulation of hydrophilic
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drugs into PLGA NCs was improved due to the formation of a temporary phase in which the
polymer and hydrophilic are dissolved.?® Desmopressin loading into PLGA NCs via the double
emulsion was optimized by testing different stabilizers in the inner aqueous phase, as result
Pluronic F-68 increased the encapsulation in 30% comparing to PVA.?* Also, PLGA
microparticles formulated by emulsifying the polymer in a Pluronic F127/dextran aqueous two-
phase system vary drug loading of rhodamine B and coumarin-6 depending on Pluronic F127,
dextran and PLGA amounts, showing increased drug loading for the hydrophobic coumaring-
6 for the formulation with the highest PLGA content and reduced drug loading for the
hydrophilic rhodamine B due to its affinity with the outer dextran phase.?

PLGA NCs generally have a biphasic or bimodal release profile. Initially, there is a fast
and sharp release relative to solubilization of the drug adsorbed to the polymer surface or
penetration of water in the nanocarriers, this phase is named as “burst release”. Then, a second
phase occurs progressively as the water inside the NCs hydrolyzes the ester bonds in the
polymer backbone, leading to release of lactic acid and glycolic acid monomers that are
endogenous and easily metabolized by the body. In this stage, drug is released through diffusion
and degradation until the nanoparticle is completely solubilized.?® Control the drug release from
the NCs is pivotal to properly deliver it to the targeted sites. Sustained, slow release over a
period of time reduces repetitive dosing to maintain the drug concentration in the blood plasma
and protect the drug from degradation and loss of activity prior to delivery, reducing the dosage
necessary to achieve the therapeutic effects.?” PLGA monomers content affects the degradation
rate of the PLGA NCs. Since PLA is a hydrophobic molecule while PGA is hydrophilic,
reduced PLA/PGA ratio results in an enhanced overall PLGA hydrophilicity, favoring PLGA
hydrolysis.?® Molecular weight (MW) also correlates with degradation rate as well as with
resulting NCs hydrodynamic size, thus, increase in Mw results in reduction in the degradation
rate and increase in the NCs diameter.?8-2°

Several chemotherapeutics have been encapsulated in PLGA-based nanocarriers and
effectively delivered to various solid tumor.3°2231-33 Co-encapsulation of doxorubicin (DOX)
and epoxomicin (Epo) into PLGA nanoparticles enhanced apoptosis in MCF-7 breast cancer
cells (apoptosis index about 45%) while keeping HUVEC, a healthy cell line, apoptosis index
below 10%.% PLGA NCs coated with 4T1 cell membrane reduced the tumor growth and
metastasis of triple-negative breast cancer tumor in tumor-bearing mice by delivering 2-bromo-
palmitate to 4T1 cells due to homotypic recognition, prolonging mice survival.>® Besides,
PLGA NCs were also used to treat leukemia. PLGA nanoparticles modified with transferring
delivered anti-BCR/ABL antibodies to chronic myeloid leukemia, degrading the Abelson
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murine leukemia viral oncoprotein (ABL) and hampering CML cells oncogenesis in vivo.*
Also, ABL oncogene was knocked out by PLGA-PEG NCs carrying CRISPR/Cas9 plasmid
expressing gRNA targeting the BCR/ABL and improved the survival of a CML mouse model.3*
Chemotherapeutics such as idarubicin, daunorubicin, cytarabine and doxorubicin were recently
encapsulated into PLGA NCs to target leukemic cells, enhancing the performance of these
conventional antileukemic drugs.>¢-%

The NCs enhance tissue specificity by passive or active targeting. Passive target was
widely exploited in drug delivery to solid tumors because of an abnormal feature of the tumor
tissue vascularization known as the Enhanced Permeability and Retention (EPR) effect.*® Solid
tumors produce larger concentrations of vascular permeability factors and vascular growth
factors to increase nutrients and oxygen supply and favor tumor cells rapid growth.
Nonetheless, microvasculature formed at tumor tissue is heterogeneous and abnormal, with
large gaps between endothelial cells that facilitate the extravasation of particulate material from
the surrounding vessels into the tumor.*®*! In addition, the lymphatic drainage system is
inefficient at tumor tissue, favoring macromolecular accumulation in the tumor and delaying
their clearance.** Although some studies attribute to EPR effect the NC accumulation of 10—
15% of injected NPs at solid tumors compared with 0.1% of free drug, recent findings suggest
that only a fraction of NC accumulation in tumors can be attributed to passive targeting.>*> A
study in mouse tumor models (U87-MG 4T1, MMTV-PyMT) and patient-derived xenograft
breast cancer showed that up to 97% of gold nanoparticles, with 15, 50 and 100nm core sizes,
enter the tumor by active transport through endothelial cells rather than crossing gaps between
cells.*? The authors highlighted that other mechanisms such as immune cell interactions, protein
coronas and molecular mechanisms have greater contribution on tumor targeting than EPR
effect.*? Supporting these findings, Wilhelm et al. reported that only 0.7% of the injected dose
of NPs reaches solid tumors.*® On the other hand, Price et al. questioned these generalized
findings suggesting biased analysis due to quantifying NC distribution using non-standard
calculations, which may have led to misleading results.** To fully understand the capacity of
the NPs to passive target solid tumors, it is pivotal to perform extensive meta-analyses and
statistical comparisons using pharmacokinetic datasets that include total, encapsulated, and
released drug.** In solid tumors, interstitial fluid pressure and extracellular matrix density may
contribute to EPR effect failure.*® Therefore, the low efficiency in passive targeting tumor sites
together with the fact that not all cancers form solid tumors substantiate the importance of

developing new delivery and targeting strategies.
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Active targeting NCs have been developed to enhance delivery compared to passive
targeting. It involves modifying the NCs with affinity ligands that bind to antigens, extracellular
matrix proteins or receptors overexpressed in the diseased tissue.*®* Different molecules can
trigger specific and efficient NCs uptake through metabolic, adsorption or receptor targeting,
endocytosis—enhancing treatment efficacy.*® An example of active targeting is the use of
hyaluronic acid (HA) decorated NCs to target the CD44 receptor overexpressed in some cancer
cells, this strategy was reported to improved drug delivery to several cancer cells such as cancer
stem cells, breast cancer cells, glioblastoma cells and ovarian cancer cells.>®® Active targeted
PLGA NCs have also contributed to advances in cancer treatment, e.g. PLGA NCs conjugation
with folic acid increased the uptake and cytotoxicity of the NCs in breast tumor in vivo by
targeting the folate receptor over expressed in the breast cancer cells.>*>> However, it is not
clear how much active targeting increases NC accumulation in tumor tissue or affect
biodistribution because most of the NCs are still retained by the liver and spleen, as these are
clearance organs.“® Besides, the receptor expression by tumor cells varies depending on the

disease stage, providing an additional challenge for the use of receptor targeting.*

1.2 Polysaccharides

Polysaccharides are long chain polymeric carbohydrates abundant in nature.®” Formed
by O-glycosidic linkages between monosaccharides, *® polysaccharides can be linear or
branched, with a wide range of molecular weights and full of reactive groups, which contribute
to their diversity in structure, property and code capacity. 5> In nature, polysaccharides have
several important biological functions such as signaling, energy storage, cell structuring and
modifications of protein properties.®®! Moreover, polysaccharides have a key role in cell-cell
and cell-matrix recognition and adhesion.8-%? Their importance in biological communication
added to their hydrophilicity, stability and biodegradability make polysaccharides attractive to
biomedical applications.

Many polysaccharides have been applied in nanomedicine as coating agents to increase
systemic circulation times, since their branched structure and high hydrophilicity reduces
opsonization avoiding NCs internalization and destruction by the mononuclear phagocyte
system.>”®1  Most carbohydrates also have bioadhesive properties due to non-covalent
interactions with biological tissues favored by their abundant hydroxyl, carboxyl and amino
groups.>”%  Polysaccharides can also actively target tissues by receptor-mediated
endocytosis,®*®* specifically binding to certain cell types through proteins expressed in cell
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surface such as Lectins, carbohydrate specific receptors, which are overexpressed in some
malignant cells.®® NCs functionalization with lectins, anti-glycan antibodies, peptides and
others polysaccharide binding molecules are also used to target aberrant polysaccharide
expression on the surface of tumor and metastatic cells.

Dextran (Dex) is a colloidal, hydrophilic and inert polysaccharide synthesized by
bacteria from lactobacillus family.>” Widely used for biomedical applications due to its
biocompatibility, this polysaccharide is formed by of (1—6)-a-D-glucose monomers.®’ Several
anti-cancer agents have been covalently coupled to dextran, showing lower systemic toxicity
and lower drug resistance in P-glycoprotein overexpressing multiresistant cells.®® Dex is also
employed as coating agent to increase circulation time of nanomaterials since its hydrophilicity
and branched structures reduce plasma protein absorption.’®’2 Dextran coating can trigger NCs
uptake by scavenger receptors type 1 (SR-Al) and dextran-binding C-type lectins such as
SIGN-R1 and mannose receptors (CD206), expressed in macrophages.’?’* In addition, dextran
based NCs have shown enhanced tumor penetration ™ as well as enzymatic hydrolysis through
alpha amylase which is overexpressed in tumor cells, triggering NCs destruction and drug
release into tumor environment, 2737

Another important polysaccharide is hyaluronic acid (HA), a negatively charged
polysaccharide composed by repeated units of D-glucuronic acid and N-acetyl-D-glucosamine
bounded by beta-linkages.”® HA is abundant in the body and widely distributed in all tissues
and body fluids, being an important component of extracellular matrix (ECM).”® HA is
overproduced in many cancers including pancreatic carcinoma, breast cancer, colorectal cancer,
prostate cancer and brain tumors, being the major component of tumor-associated ECM.”” HA
accumulation in tumors correlates with poor prognosis, associated with HA role in epithelial-
to-mesenchymal transition induction, leading to invasion and metastasis.”’® Depends on
molecular weight, HA plays important role in cell motility, proliferation and cell—cell adhesion
as well is a key component for embryonic development, wound healing repair, and
inflammation.®%67.79-8 Regulation of amount and length of HA molecules is pivotal in
inflammation regulation, since low molecular weight HAs (6 to 20 kDa) have
immunostimulatory properties while high molecular weight HAs (>500 kDa) are immunologic
depressant.” This antagonistic effect may be related with HA polymer length implication in
macrophages polarization as it was reported that low molecular weight HA polarizes
macrophages to pro-inflammatory phenotype while high molecular weight HA induces an anti-
inflammatory phenotype.® High molecular weight HA may also enhance cellular resistance to

oxidative stress, while very low molecular weight HA (0.4 to 4.0 kDa) induces the expression
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of heat shock proteins. Wound healing and embryotic development are associated with 20 to
200 kDa HA.”*® HA binds to the Custer determinant 44 (CD44), a transmembrane
glycoprotein expressed in macrophages and in many types of cancer.8! CD44 is overexpressed
in several cancers including pancreatic, breast, ovarian, prostate, colorectal cancers,
neuroblastomas as well as acute myeloid leukemic stem cells, becoming a promising target for
cancer drug delivery systems.>! 8285 HA-CDA44 interaction also regulates p53 gene expression
in naked mole-rat and very high molecular weight HA (>6000 kDa) interaction with CD44 can
partially attenuates p53 expression, protecting cells from stress.’”® Therefore, HA is applied in
nanomedicine to target cancer cells and tumor associated macrophages via CD44-HA

interaction as well as to explore its bioadhesive characteristics.®* 8

1.3 Protein corona

In physiological environments, the biodistribution of the NCs are affected by the adsorption
of proteins on the NCs’ surface, known as protein corona (PC) formation.®” Some of these
proteins, the opsonins, can initiate an immune response exposing the NCs to phagocytes, e.g.,
macrophages, reducing the NCs’ blood half-life.8” In addition, protein corona formation can
mask surface functionalization of the NCs, leading to NCs’ accumulation in the liver and spleen
instead of in the target sites.38-8° Transferrin-modified silica nanoparticles exposed to serum are
shown to lose their targetability to transferrin receptor in A549 lung epithelial cells in vitro.8®
Also, in vivo PC formation in transferrin-modified polystyrene NCs hampered their blood-brain
barrier crossing ability and, after transcytosis, PC amount and composition was changed.®
The amount and composition of the adsorbed proteins vary with the physicochemical properties
of the NCs, e.g., charge, surface chemistry and stiffness, which impact the biological identity
of the NCs.%%%® Furthermore, protein exposure times may influence the protein composition of
PC but not the protein amount, effect known as Vroman effect.®”*® VVroman described that
proteins with higher diffusion rates are first absorbed at a surface but then they are displaced
by protein with greater affinity to the surface.®” Proteins that are irreversible absorbed at the
NCs surface form the hard corona while the replaceable proteins form a dynamic structure are
called soft corona.”® PC composition affects the NCs interaction and recognition by cells
receptors, leading to uptake via different endocytosis pathways.?® Polyethylene glycol (PEG)
coating is standard used to provide a steric barrier to the surface of NCs reducing the
opsonization and increasing the retention of the NCs in the blood.* In gold NPs, the size and
PEG density at the surface modulates the protein corona content and amount, altering NPs’
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uptake mechanism and efficiency in J774A.1 cells.®® Also, polysaccharides such as Dex can be
used as coatings to avoid NCs-protein interaction, reducing opsonization and fast blood
clearance.’®"* Dex hydrophilicity and branched chain provides a steric protection for NCs

against plasma proteins interaction, reducing protein absorption.®®"*

1.4 Bone marrow (BM) microenvironment in acute myeloid leukemia (AML)
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Figure 1 - The bone marrow microenvironment (BMME) in health and in acute myeloid leukemia (AML). The
BMME is formed by the perivascular niche, rich in oxygen and nutrient, and the endosteal niche,
shaped by osteoblasts and osteoclasts. In healthy BMME, hematopoietic stem and progenitor cells
(HSPCs) differentiate into mature blood cells. In AML, some HSPCs accumulate genetic mutations
giving rise to leukemic stem and progenitor cells (LSPCs) that differentiate into AML blasts. AML
blasts accumulate into the BMME and compete with healthy hematopoietic cells for oxygen and
nutrient, leading to expansion of the hypoxia regions and disruption of the oxygen and nutrient
gradient that support HSPC function. Leukemic cells reprogram mesenchymal stem cells (MSC) and
immune cells to leukemia supporting phenotypes such as cancer-associated fibroblasts (CAFs) and
leukemia-associated macrophages (LAMS).

Source: By the author

The bone marrow microenvironment (BMME) is formed by the endosteal niche and the
perivascular niche.1® The endosteal niche, located at the bone marrow periphery, is defined by
bone-producing osteoblasts and has reduced oxygen and nutrient levels.’® The perivascular

niche, the central region of the BM, is a region rich in oxygen and nutrients due to its closeness
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to the vasculature.91-192 The oxygen and nutrient gradients are pivotal for the maintenance of
normal hematopoiesis.1®? The endosteal niche shelter hematopoietic stem and progenitor cells
(HSPCs) and HPSCs interaction with BM stromal and immune cells support HSPSs survival
and differentiation into mature blood cells.2%-1%1 The osteoblasts cells located at the endosteal
niche form protective layers to the HSPCs and support HSPCs homing by cell-to-cell adhesion
molecules.’®® Mesenchymal stem cells differentiate into adipocytes, chondrocytes, and
fibroblasts within the perivascular niche and these cells contribute for hematopoiesis regulation
by secreting factors such as C-X-C motif chemokine 12 (CXCL12), stem cell factor (SCF) and
interleukin (IL) 7.1%%1% However, BMME dynamism makes BM niche separation slight since
both niches are closely related and work in collaboration.%

Leukemia is a heterogeneous malignant disease that originates from aberrant regulation
of transcription factors or clonal disorders that lead to a block in differentiation of hematopoietic
stem and progenitor cells.’® Leukemic cells accumulate into the BM and blood of patients
disrupting normal hematopoiesis.'® Leukemias are classified by the type of stem cells that
originated the cancer, typically myeloid or lymphoid cells, and by the rate of disease
progression, i.e. acute or chronic.)®” Acute myeloid leukemia (AML) is marked by the
accumulation of immature myeloid blasts within the BM and blood of patients.'® In AML,
HSPCs cells accumulate genetic mutations giving rise to leukemic stem and progenitor cells
(LSPCs) that initiate and maintain leukemic clonal hierarchy by differentiating to pre-leukemic
cells and leukemic myeloblasts.'® LSPCs take advantage of the BMME to ensure their
endurance and proliferation. In addition, evidence suggests that changes in the BMME
contribute to the selection and promotion of HSPCs malignant clones that do not grow under
healthy BMME conditions.% 199111 | SPCs also shifts the BMME equilibrium from the healthy
state, that supports hematopoiesis, to an leukemic-supportive microenvironment that favors
leukemogenesis and drug resistance. Leukemic cells population competes with HSPCs for
oxygen and nutrients, leading to expansion of hypoxia regions and disruption of the oxygen and
nutrient gradient that support normal hematopoiesis.t*?% In addition, during AML
development in vivo, leukemic cells reduce osteoblasts numbers, disturbing HSPCs
hematopoietic activities and promoting AML progression.*'® The homing and engraftment of
LSPCs within the BMME is mediated by interaction of CD44, overexpressed by LSPCs, with
HA, highly concentrated in the extracellular matrix of the endosteal region.'” The LSPCs are
niche-dependent, and their interaction with the BMME is pivotal to provide pro-survival/anti-

apoptotic signals, favoring chemotherapy resistance and AML relapse.® 118
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Leukemic cells also reprogram stromal and immune cells to leukemia supporting
phenotypes within the BMME.'® AML blasts recruit and induce polarization of macrophages
into leukemia supporting phenotype either through direct cell-to-cell interactions or secreted
factors (e.g., exosomes, cytokines, and chemokines).% In addition, stromal cells reprogramed
by leukemic cells also promote growth, recruitment and polarization of macrophages towards

leukemic supportive phenotypes.?°

1.4.1 Leukemia-associated macrophages (LAMS)

Macrophages are highly plastic cells that respond to extracellular cues adopting
different functional phenotypes that differ in terms of receptor expression, cytokine production,
effector function, and repertoire of chemokines.(REF) AML induces infiltration and
proliferation of macrophages into the BMME and spleen of patients and polarizes the
macrophages toward pro-leukemic phenotypes.*?! Pro-inflammatory macrophages, are effector
cells responsible for detection, phagocytosis and destruction of microorganisms and cancer
cells. They are characterized by an increase in expression of markers such as antigen
presentation molecules major histocompatibility complex class Il (MHC-II), CD80, CD86 or
CD38 and inflammatory mediators, such as interleukin 6 (IL-6), tumor necrosis factor-o. (TNF-
a), reactive oxygen species (ROS) and nitric oxide (NO). In leukemia, pro-inflammatory
macrophages exhibit anti-leukemia and immunostimulatory functions, benefiting cancer drug
sensitivity. Pro-inflammatory polarization of LAMs induced by targeting IRF7-JNK pathway
with polylC administration prolonged survival of AML and T cell acute lymphoblastic
leukemia (T-AAL) mice.12-122

Anti-inflammatory macrophages express the hemoglobin/haptoglobin and mannose
scavenging receptors CD163 and CD206 as well as secret arginase, metalloproteinases,
transforming growth factor-p (TGFp), interleukin 10 (IL-10) and other cytokines that induce
immune suppression, angiogenesis and tissue repair.'?® In AML patients, an increased ratio of
anti-inflammatory/pro-inflammatory macrophages within BM correlates with a worse
prognosis rather than an elevated total number of infiltrated macrophage.*?? 124 In vitro, in vivo
and clinical models, reported that macrophages polarized by AML blasts are anti-inflammatory
macrophages characterized by upregulated CD206 expression and with leukemia-supporting
and immunosuppressive properties.t?1125-126 [nfiltration of anti-inflammatory macrophages into
BM is related to drug resistance in AML patients due to its ability to upregulate pro-
survival/anti-apoptotic pathways in AML blasts.®>!?1 ~ AML cells induce macrophage
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polarization to anti-inflammatory leukemia-supporting phenotypes via cell-to-cell interaction
as well as secreting factors, e.g., regulating growth factor independence 1 expression, 102 121
Due to their role in AML progression and drug resistance, LAMs have become targets for
leukemia therapy. Repolarizing anti-inflammatory LAMs towards pro-inflammatory phenotype
by inducing IRF7 expression and consequent activation of SAPK/INK pathway contributed to
prolonged survival in AML mice model.*?? Another approach prevented AML signaling against
macrophage phagocytosis by inhibiting SIRPa-CDA47 interaction via monoclonal antibody
blockage. SIRPa-antibody stimulated phagocytosis of AML cells and diminished primary
patient-derived AML cells.*?

1.4.2 Custer determinant 44 (CD44)

Custer determinant 44 (CD44) is a transmembrane adhesion molecule involved in the
binding and metabolism of HA, an important component of the extracellular matrix.8! 128 CD44
has been associated with homing efficiency, stemness, engraftment of AML cells, apoptosis
and stress resistance in AML cells, besides, its expression is upregulated in the BM of AML
patients.®>117129-130 |n macrophages, CD44 expression levels are affected by macrophage
phenotype.13132 CD44 is involved in the adhesion and homing to BM, and mobilization of
leukemia-initiating cells. CD44 expression levels in BM correlates with a worse prognosis in
leukemias.1"133 CD44 is also expressed in leukemic stem cells (LSCs) and plays an important
role in homing and engraftment of LSCs within the osteoblast-rich area of the bone marrow,
retaining their ability to initiate and maintain the leukemic clonal hierarchy and favoring drug
resistance and AML relapse.®>!®  Administration of monoclonal antibody directed to CD44
prevent AML-LSCs interaction with stem cell-supportive microenvironmental niches, leading
to AML eradication.®> In macrophages, CD44 regulates macrophage migration and CD44~

macrophages are less sensitive to chemoattractants.'33

1.5  Cell-based drug delivery systems

Despite great progress in nanocarrier-based drug delivery systems such as increased drugs
solubility, bioavailability, retention time and cell uptake, some unsatisfactory physicochemical
and biological properties have hampered their clinical use.!3* EPR effect showed not enough to

guarantee NCs accumulation in tumor tissue and the increase in cell uptake due to active target
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has not been translated into satisfactory accumulation within the targeted tissue.*® The NCs fate
continues to be mostly within the patient’s liver and spleen.*® Polyethylene glycol (PEG) coat
in nanoparticles has been used to increase blood half-life, however, PEGylated NCs trigger
immunogenicity after repeated doses, accelerating blood clearance through specific anti-PEG
IgM.13% In addition, despite advantages against free drugs, NCs organ and tissue barrier
crossing remain suboptimal. Biomimeticing NCs coated with cell membrane were designed to
overcome some of these shortcomings since cell membrane proteins “hide” the NCs from
immune system, increasing blood half-life and reducing immunogenicity.'*® Retention of
membrane proteins provide the NCs some properties from source cells, however, low yields
hinders membrane-coated NCs clinical application.**

Cell-base delivery systems are promising strategies to effectively delivery drugs to
targeted sites as they endow all the natural biological properties and functions of the carrier
cells and have large drug loading capacity in the cytoplasmic compartment or on the cell
membrane.3"13 The cells are isolated from the patient, loaded with therapeutics and reinfused
into patient’s body, ensuring excellent biocompatibility, hypoimmunogenicity, long half-life in
the blood, tissue-targeting and barrier crossing ability.**® Depending on the targeted disease,
the cell-based delivery strategy may use different cells types to take advantage of the carrier
cell unique properties. 136137

Red blood cells (RBC) have a very long circulation time (about 120 days) associated
with overexpression of cluster of differentiation 47 (CD47) receptor that interacts with signal-
regulatory protein a (SIRPa) on macrophages inhibiting phagocytosis and mononuclear
phagocyte system clearance.!®® Drug-loaded RBCs retain the long half-life property improving
the pharmacokinetic properties of the loaded drug as well as increasing drug accumulation into
the first organ after intra-arterial injection site, considering the blood stream direction..*3% 140 In
addition, L-asparaginase delivered by RBC cells relapsed Acute Lymphoblastic Leukemia in
phase 111 trial, indicating that RBC cell-based delivery is also effective for treating leukemia.**
Other cell types also bring advantages to cell-based delivery by increasing specific targetability.
Mesenchymal stromal cells (MSCs) and monocytes have an innate ability to home to BM and
inflamed tissue, being applied to guide delivery of therapeutics to these sites. MSCs, carrying
paclitaxel acquired a potent anti-leukemic activity, increasing the survival of BDF1-mice-
bearing L1210.24? Also, monocytes with flat polymeric particles attached to the membrane
effectively delivered the particles to inflamed lungs and skin of BALB/c mice.**® The particles
attached did nothamper monocity transmigration through an endothelial monolayer and their

differentiation into macrophages.'*®> Otherwise, cancer cell-based carriers increase drug
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targetability by due to homologous direction to source cancer cells. For example, cryo-shocked
AML blast carrying doxorubicin remained able to BM homing, eliminating leukemia and

prolonging the survival of tumor-bearing mice.1#

1.5.1 Macrophage-based drug delivery systems

As present, different carrier cells were used to deliver free drugs and nanotherapeutics
to cancer, improving cancer treatment. However, these cells have limited drug loading
efficiency due to high cytotoxicity of the cargo, hindering their wide application as carriers.!3®
Macrophages are immune cells with long half-life in the body involved in the mononuclear
phagocytic system.}*® Macrophages’ large phagocytic capacity and intrinsic tolerance of
anticancer drugs allow high loading of free or nanoformulated drugs.**-14¢ Cancer cells release
cytokine and chemokine factors that recruit macrophages through chemotaxis, thus,
macrophages may naturally target tumor sites.'*® In addition, macrophages have BM homing
ability and interact via cell-to-cell contact with leukemic cells.!*’ In metastatic cancer, RAW
264.7 macrophages interact with metastatic cells via a4 and B1 integrins that bind with vascular
cell adhesion molecule 1 (VCAM-1) expressed by the malign cell.}*® Together, these properties
make macrophages promising drug delivery vehicles to treat leukemias, metastatic and solid
cancers.

Murine macrophage-like cells RAW 264.7 loaded with chemotherapeutics increased
tumor-targeting and anti-cancer efficacy in 4T1 breast cancer and human breast tumor MCF-7
models.}*>*® RAW 264.7 macrophages loaded with free and nano-based paclitaxel (PTX)
reduced the tumor volume by ~69% and ~93%, respectively, in Ehrlich ascites mice.}* The
authors associated the reduced efficacy of macrophages loaded with free PTX to the faster drug
release from macrophages compared to macrophages loaded with nano-based PTX, leading to
partial release of the drug before macrophages reach tumor sites.}*® Besides improving
targeting, it was reported that macrophages can deeply penetrate tumors and murine bone-
marrow-derived macrophages (BMDMs) carrying NCs encapsulating tirapazamine improved
drug accumulation in hypoxic areas of 4T1 breast cancer.” Also macrophage-based carriers can
cross the blood-brain barrier, as reported for PLGA nanoparticles that were effectively delivery
by RAW?264.7 macrophages into the brain of mice bearing intracranial U87 glioma.'*® The
macrophages delivery of therapeutics to cancer cells occur through the cell-to-cell interaction,

corroborated by Guo et al. study showing that doxorubicin delivered to human ovarian cancer
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cell line SKOV by inflammatory RAW 264.7 macrophages via tunnelling nanotube pathways,
resulting in ovarian carcinoma cell death.>°

The aim of this dissertation is to explore the polysaccharides effects in PLGA-based NCs
and to investigate their interaction with cancer cells as well as with cancer associated cells. Two
different PLGA NCs were synthesized using polysaccharides as stabilizing, caping or coating
agents. In Chapter 1 we studied the interaction of PLGA NCs prepared using Dex as stabilizing
and caping agents with myocardial cells (H9C2), breast adenocarcinoma cells (MCF-7) and
macrophages (RAW 264.7) to address the effect of Dex in PLGA NCs formulations. In
Chapter 2 we explored the binding between HA and CD44, a receptor that mediates cell-cell
and cell-matrix interaction, to transport a nanotherapeutic to the leukemic cells. To assess the
macrophages’ ability to effectively deliver NCs via CD44-targeting to AML cells, we studied
their interaction with NCs in co-cultures of macrophages (RAW 264.7) and AML cells (C1498).
Together, the chapters highlight the prospective use of PLGA NCs caped or coated with
polysaccharides as vehicles to prevent chemotherapeutic unspecific biodistribution and increase

the drug amounts delivered to the cancer cells.
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2 CHAPTER I: THE AMOUNT OF DEXTRAN IN PLGA NANOCARRIERS
MODULATES PROTEIN CORONA AND PROMOTES CELL MEMBRANE DAMAGE

2.1 Abstract

Polymeric nanocarriers (NCs) are efficient vehicles to prevent drug unspecific
biodistribution and to increase the amount of drug delivered to the tumor tissues. However,
some toxicological aspects of NCs still lack a comprehensive assessment, such as their effects
on cellular processes that lead to toxicity. We evaluate the interaction of poly (lactic-co-glycolic
acid) (PLGA) NCs prepared using dextran (Dex) and Pluronic®-F127 as stabilizing agents with
myocardial cells (H9C2), breast adenocarcinoma cells (MCF-7) and macrophages (RAW
264.7) to address the effect of Dex in PLGA NCs formulations. By emulsion diffusion method,
doxorubicin-loaded NCs were prepared with no Dex (PLGA-DOX), 1 %(w/v) (Dex1/PLGA-
DOX) and 5 %(w/v) (Dex5/PLGA-DOX) NCs. Uptake analyses revealed a significant
reduction in Dex5/PLGA-DOX NCs uptake by the H9C2 and MCF-7, which was also reduced
for Dex1/PLGA-DOX NCs in the absence of in vitro protein corona, revealing an effect of
dextran concentration on the formation of protein corona. RAW 264.7 cells presented a higher
uptake of Dex5/PLGA-DOX NCs than the other NCs likely because of the receptor mediated
endocytosis, since C-type lectins like SIGN-R1, mannose receptors and scavenger receptors
type 1 that are expressed in RAW 264.7 can mediate Dex uptake. Despite the lower uptake,
Dex5/PLGA-DOX NCs promote the generation of reactive oxygen species and oxidative
membrane damage in MCF-7 and H9C2 even though cellular metabolic activity assessed by
MTT was comparable between all the NCs. Our results highlight the importance of an in-depth
investigation of the NCs-cell interaction considering additional mechanisms of damage apart
from metabolic variations, as nanoparticle-induced damage is not limited to metabolic

processes imbalance, but also other mechanisms, e.g., membrane and DNA damage.

2.2 Introduction

The anti-cancer activity of Doxorubicin (DOX) is widely known by the scientific
community, however, its non-specific distribution in biological systems has limited its
application.®! In high doses, DOX can cause irreversible cardiomyopathy and even heart failure

due to oxidative stress caused by increased production of reactive oxygen species (ROS).1>
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Polymeric nanocarriers (NCs) are efficient vehicles to prevent DOX unspecific biodistribution
and to reduce long-term adverse effects.®>%>2 Poly(lactic-co-glycolic acid) (PLGA) is a co-
polymer widely used in biomedical applications because of its biocompatibility and
biodegradability, besides, it is FDA-approved. Several chemotherapeutics have been
encapsulated in PLGA-based NCs and evaluated for the treatment of various types of
cancers.?® However, some toxicological aspects of PLGA-based formulations still lack
comprehensive studies on their effects on cellular processes that can lead to cell damage and
death.

In the body, the biodistribution of the NCs is affected by the adsorption of proteins on the
NCs’ surface, known as protein corona.®” Some of these proteins, the opsonins, can initiate an
immune response exposing the NCs to phagocytes, e.g., macrophages, reducing the NCs’ blood
half-life.8” Besides, macrophages are an important component of the tumor microenvironment.
In addition, protein corona formation can mask surface functionalization of the NCs, leading to
NCs’ accumulation in the liver and spleen instead of in the target sites.%8-89 The amount and
composition of the adsorbed proteins vary with the surface characteristics of the NCs, e.g.,
surface charge and surface chemistry, which impact the biological identity of the NCs.%%2
Polyethylene glycol (PEG) coating is commonly used to provide a steric barrier to the surface
of NCs reducing the opsonization and increasing the retention of the NCs in the blood.%
However, PEGylation leads to poor NCs uptake by cells into tumor tissues, suggesting that
PEG coatings may not always be the optimal choice for targeted drug delivery. % 153

Another strategy applied to increase circulation time of nanomaterials is to use dextran
(Dex) as coating agent due to its hydrophilicity and branched structure that reduce plasma
protein adsorption.®®" Dextran coat can also trigger efficiently and selectively NCs uptake by
scavenger receptors and dextran-binding C-type lectins. Dextran-based NCs have shown
enhanced tumor penetration as well as enzymatic hydrolysis through alpha amylase which is
overexpressed in tumor cells.”>"

Iron-oxide based NCs coated with dextran showed neurotoxicity and genotoxicity due
to oxidative stress. 1% ROS imbalance is one of the frequently reported causes of NC-
associated toxicities that can promote DNA and cell membrane ROS-mediated damage.1°6-2%8
Oxidative stress induced by NCs is dependent on particle properties, e.g., surface chemistry,
size and composition.'®® In-depth investigation of the NC-cell interaction is fundamental to
ensure the safety of the NCs even at apparently non-toxic formulations, since effects including
DNA damage, oxidative stress, and mitochondrial dysfunction can occur without detectable

changes in cytotoxicity assessed by conventional colorimetric assays.*®
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We studied DOX loaded PLGA NCs prepared with 5 and 1 % (w/v) or without Dex as a
stabilizing and capping agent. The uptake of PLGA NCs were evaluated in the presence and
absence of serum by flow cytometry. Also, membrane damage, metabolic imbalance and ROS
induction were assessed to study whether Dex content affects NC interaction with breast cancer
cells (MCF-7), myocardium cells (H9C2) and macrophages (RAW 264.7).

2.3 Experimental

2.3.1 Materials

Poly(lactide-co-glycolide) (PLGA) (Resomer 503H 50:50 MW 24000-38000, acid
terminated, #719870), Pluronic®-F127 (#P2443), Dextran 40 (Mr ~ 40 kDa, #31389), ethyl
acetate (#319902), doxorubicin hydrochloride (#D2975000), deuterium oxide (#151882),
tetrazolium blue thiazolyl bromide (MTT, #M2128), 2'-7'-dichlorodihydrofluorescein diacetate
(CM-H2DCFDA, #D6883), ammonium persulfate (APS, #A3678), sodium dodecyl sulfate
(SDS, #L.3771), tetramethyl ethylenediamine (TEMED, #T9281), glycine, 2-mercaptoethanol
(2-ME, #M6250), glycerol (#G9012), bromophenol blue (#114391), KCI (#C2010.0.AH), NaCl
(#C1060.01.AH), KH2PO+ (#P9791) and Na:HPO. (#S5136) were obtained from Sigma-
Aldrich. Trypan Blue Stain (0.4%(w/v)) for use with the Countess™ Automated Cell Counter
was purchased from Invitrogen™. Dimethyl sulfoxide (DMSO, #D1011.01.BJ) was obtained
from Synth. Dulbecco's Modified Eagle Medium (DMEM) culture media with (#00074) and
without phenol, 0.25% trypsin-EDTA solution (#T2500), Fetal Bovine Serum (FBS, #S0011)
and L-Glutamine 200 mmol ml? (#G0209) were obtained from Vitrocell. FITC Annexin V
Apoptosis Detection Kit | (#556547) was obtained from BD Pharmingen™. Pierce™ BCA
Protein Assay Kit (#23225) and GelCode™ Blue Stain Reagent (#24590) were obtained from
Thermo Scientific™, 30% Acrylamide/BIS solution (#161-0156) was obtained from Bio-Rad

Laboratories.

2.3.2 Syntheses of the PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs

The nanocarriers were prepared by the emulsion diffusion method.*®® 200 pl of 10 mg
ml aqueous doxorubicin solution was emulsified in 2.5 ml of ethyl acetate containing 2.5%
(w/v) of 50:50 PLGA and 5 ml of a 2.5% (w/v) aqueous solution of Pluronic®-F127. The

emulsion was prepared on ice bath by sonication in a Delta Ultrasound sonicator, model
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Sonifier 450D, with power equal to 550 W and 20% amplitude for 90 s. To the resulting
emulsion was added 5 ml of 0.01 M phosphate buffer pH 8.6 containing 2.5 %(w/v) of
Pluronic®-F127 and kept under moderate stirring for 1 h. Ethyl acetate was removed by
evaporation under low pressure in a desiccator. For the synthesis of blank NCs, 200 pl of Milli-
Q water (resistivity 18.2 MQ cm) was sonicated with the organic phase and the surfactant
solution for the formation of the first emulsion. The synthesis of the NCs in the presence of Dex
was carried out by the same procedure, however, the ethyl acetate containing 2.5% (w/v) of
50:50 PLGA was emulsified with 5 ml of Milli-Q water containing 2.5% (w/v) of Pluronic®-
F127 and 1 or 5 %(w/v) dextran. Pluronic®-F127-stabilized NCs were also synthesized
(without Dex).

2.3.3 Characterization of the PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs

Zeta potential and size distribution (DLS) of all nanoparticles (NPs) were performed
using Zetasizer Nano ZS, Malvern. The concentrations of the NCs were evaluated by
Nanoparticle Tracking Analysis (NTA), Nanosight NS300, Malvern, besides size assessment.
NTA analyses were performed with 50-100 particles/frame and Camera Level of 12 (shutter:
1200; gain: 146). Each formulation was diluted 10 times (10 NCs per ml) and 1000 times prior
to DLS and NTA analyses, respectively.

Infrared analyses were performed using an Infrared spectrometer Nicolet 6700/GRAMS
Suite, with 128 scans per sample with 4 cm™ resolution from 4000 to 400 cm™. The samples
were prepared by drop-casting 20 pL of the formulations in silicon wafer and dried under
reduced atmosphere. UV-visible spectra were obtained using a Hitachi U-2900
spectrophotometer, in a Quartz cuvette (10 mm path length). Fluorescence spectroscopy was
performed using the SpectraMax M3 Multi-Mode Microplate (Molecular Devices) controlled
by SoftMax Pro software, in a four-sided polished Quartz cuvette (10 mm path length).

Transmission electron microscopy (TEM) images were obtained in a JEM-2100
Transmission Electron Microscope. 3 or 10 pul of the samples at the concentration of 101 NCs
per ml were deposited on copper grids for 60 s and dried with filter paper. Samples were stained
with 3 pl of 2% uranyl acetate for 30 s and again dried with filter paper. Staining followed by
drying step with paper filter was repeated one more time. TEM images were analyzed using
Fiji (ImageJ) to measure the diameter of 50 NCs per sample.

Proton nuclear magnetic resonance (1H NMR) spectra were recorded on an Agilent
technologies 400/54 Premium Shielded NMR Magnet at 400 MHz. Approximately 1.5 mg of
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freeze-dried Dex5/PLGA-DOX, Dex1/PLGA-DOX, and PLGA-DOX NCs were diluted with
600 uL of D20 and transferred to a 5 mm NMR tube. The molar ration of (1—6)-a-D-glucose
monomers from dextran (6 4.98 ppm) and polylactic acid (PLA) monomers of PLGA (o 1.2
ppm) was calculated by the equation (1)

M(x—D—glucose _ Not—D—glucose . Aa—D—glucose (1)
Mpra Npra ApLA

where A is the peak area, and N is the number of nuclei giving rise to the signal.

2.3.4 Encapsulation efficiency (EE) and cumulative release of DOX

Doxorubicin encapsulation efficiency was determined by UV-visible spectroscopy. 1
ml of each nanocarrier formulation — PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX
NCs was centrifuged (10,000 g, 30 min, 20 °C) and the pellets containing the NCs were
resuspended in Milli-Q water. Absorbance was measured before and after centrifugation. The

encapsulation efficiency values were obtained according to equation (2).

%EE — ABSmaxafter centrifugation (2)

ABSmax before centrifugation

To obtain the release profile of PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX
NCs, 250 pl of each formulation were centrifuged (10,000 g, 20 min, 20 °C) and resuspended
in 1.5 ml of 1X PBS buffer, pH 7.4. The samples were incubated at a microtube shaker under
constant agitation, at 37 °C and protected from light.

At defined times, the samples were centrifuged (10,000 g, 20 min, 20 °C) and
supernatants collected. The pellets were resuspended in fresh buffer and incubated again at the
microtube shaker under the same conditions. The cumulative release (CR) values were obtained
according to equation (3), with the percentage released DOX (% released(t)) calculated by

equation (4)

% CR = % released(t — 1) + % released(t) (3)
__ [DOX]¢(Volume) ]
% released = T D0Xror, 100 4)

where [DOX]: is the concentration of DOX at time t determined by the equation of the
calibration curve in Fig. S2 (Supplementary Information) obtained by linear regression (R? =
0.987), Volume is 1.5 ml representing the supernatant collect after centrifugation at each time
point, and DOXtotal is the amount of DOX in 250 pl of each NC formulation.
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2.3.5 Protein corona characterization

First, the amount of adsorbed protein to the NCs was measured by the bicinchoninic
acid (BCA) assay. PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX NCs were
incubated with medium containing 10% (v/v) of FBS and medium without FBS for 2 h at 37
°C. After incubation, the NCs were centrifuged once to remove unbound serum (10,000 g, 20
min, 20 °C) and resuspended in the same volume of ddH>O. Aliquots of 10 ul were transferred
to 96-well plate with 40 pl of 2% (w/v) sodium dodecyl sulfate and 200 ul of freshly prepared
BCA working reagent was added to each well and the plate was incubated at 37 °C for 1 h.
Absorbance was measured on a SpectraMax® M3 plate reader (Molecular Devices), controlled
by SoftMax Pro software at 562 nm. Bovine serum albumin (BSA) was used as protein standard
to determine the amount of adsorbed protein on the NCs. Protein concentration was calculated
by discounting the absorbance of the NCs incubated with medium without FBS, followed also
by one centrifugation (10,000 g, 20 min, 20 °C), from each respective formulation incubated
with medium containing 10%(v/v) FBS. Assay was repeated three times for the same batches
of NCs but exposed separately to FBS for protein adsorption.

For the sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), the
NCs were incubated with media containing 10% (v/v) of FBS for 2 h at 37 °C, centrifugated
(10,000 g, 20 min, 20 °C) and resuspended in 20 pul of 2x Laemmli buffer (4% (w/v) SDS, 10%
(w/v) 2-mercaptoethanol (2-ME), 20% (v/v) glycerol, 0.004% (w/v) bromophenol blue, 0.125
M Tris HCI pH 6.8). The samples were then incubated at 96 °C for 10 min to denature the
adsorbed proteins. The NCs were pelleted by centrifugation (10,000 g, 20 min, 20 °C) and 10
pl of the supernatant containing the isolated proteins were loaded to 10% (v/v) polyacrylamide
gel. The gel was resolved at 100 V for 1.5 h and stained with GelCode™ Blue Stain Reagent

following the manufacturer's instructions.

2.3.6 Cell culture

Myocardium cells from rat heart (H9C2, ATCC) human breast adenocarcinoma from
mammary gland (MCF-7, ATCC), and mouse monocyte/macrophage-like cells from ascites
(RAW 264.7, ATCC) were cultured in DMEM supplemented with 10 %(v/v) FBS in 75 cm?
flasks at 37 °C in humidified atmosphere with 5% CO.. Cells were subculture at 70-80%
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confluency. DMEM medium already contains gentamicin sulfate (50 mg I"t) and amphotericin
B (25 ug mlY).

2.3.7 Cell viability and cell damage

Cell viability, early apoptotic cells detection and cell membrane damage were assayed
by the tetrazolium reduction colorimetric method, FITC Annexin V Apoptosis Detection Kit |
(#556547) and trypan blue exclusion method, respectively. In tetrazolium reduction
colorimetric assay, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT,
#M2128) is reduced to formazan by the action of NAD(P)H dependent oxidoreductases. Assays
were performed in 96-well clear plates with flat bottom and 5-10° cells were seeded per well
and grown for 24 h before being exposed to the NCs. PLGA-DOX, Dex1/PLGA-DOX and
Dex5/PLGA-DOX NCs were tested at range of DOX concentrations from 1.6 to 50 pug ml™,
Absorbance was measured on a SpectraMax® M3 plate reader (Molecular Devices), controlled
by SoftMax Pro software at 570 and 630 nm.

Annexin V is a Ca?*-dependent phospholipid-binding protein that binds to membrane
phosphatidylserine (PS) exposed on early apoptotic cells. The analyses were performed using
the FITC Annexin V Apoptosis Detection Kit I. In a 24-well plate, 10° cells of each strain were
seeded in each well and grown for 24 h. The cells were exposed to the nanocarriers at 1 pg ml°
! of DOX for 24 h. The culture medium was removed, the cells were detached from the plate
with 0.25 % trypsin-EDTA solution, washed by centrifugation (4 °C, 500 g, 10 min) and
resuspended in 1X Annexin V Binding Buffer provided by the kit. The cells were stained with
5 ul of Annexin V-FITC conjugate provided in the kit and incubated in dark for 15 min. The
measurements were performed immediately in a BD FACS Callibur™ Flow Cytometer
equipped with one laser (488 nm). Emission was measured using FL1 (530/30) and data
analysis was performed using FlowJo v10. Trypan blue is a large negatively charged dye that
is excluded by viable cell with intact cell membranes while dead cells are stained, due to their
damaged membranes. Trypan blue exclusion assays were performed in 48-well clear plates with
flat bottom and 10° cells were seeded per well and grown for 24 h before being exposed to the
NCs. PLGA-DOX and Dex5/PLGA-DOX NCs were tested at range of DOX concentrations
from 0.01 to 10 pug mI. After incubation with treatment, the cells were detached from the plate
with 0.25% trypsin-EDTA solution and 10 pl aliquots of sample were mixed with 10 pl of
Trypan blue 0.4 %(w/v). The viable cells were counted using a Countess Il Automated Cell
Counter (Invitrogen).
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2.3.8 Internalization assays

Flow cytometry experiments were performed with a BD FACS Callibur™ Flow
Cytometer, equipped with an air-cooled argon-ion laser (488 nm). For the experiment, cells
were seeded in 24-well plates, at 10° cells per well and grown for 24 h. Cells were exposed to
DOX loaded NCs for 2 or 4 h at 37 °C, 5% CO.. Following incubation, the medium containing
the NCs was removed, cells were washed with 1X PBS (pH 7.4) and detached from the plate
with 0.25% trypsin-EDTA solution. Samples were centrifuged (4 °C, 500 g, 10 min) and
washed with Sheath Fluid (BD Bioscience) supplemented with 0.5 %(w/v) bovine serum
albumin. Emission was measured using FL2 (585/42) and data analysis was performed using
FlowJo v10. For the inhibition studies, cells were incubated for 30 min with amiloride (100 ug
ml?), nystatin (40 pg ml), nocodazole (10 pg ml?), hydroxi-dynasore (100 pmol 1), dansyl-
cadaverine (100 umol I'Y), heparin (10 units mI™), dextran (2 mg mI™) and dextran sulfate (5 ug
mlY) prior incubation with the NCs for 2h.

2.3.9 Reactive oxygen species (ROS)

ROS Detection was performed by oxidation of 2'-7'-dichlorodihydrofluorescein
diacetate (CM-H.DCFDA). Cells were seeded in a 24-well plate, 10° cells of each strain per
well, and grown for 24 h. The cells were exposed to nanocarriers at 12.5 pug ml™ of DOX for 2
h, washed with PBS (pH 7.4) and incubated with 10 pmol It CM-H2DCFDA in DMEM culture
medium without phenol for 30 minutes. The culture medium was removed, the cells were
detached from the plate with 0.25% trypsin-EDTA solution or cell scraper, washed by
centrifugation (4 °C, 500 g, 10 min) and resuspended in Sheath Fluid (BD Bioscience)
supplemented with 0.5 %(wi/v) bovine serum albumin. All measurements were performed in a
BD FACS Callibur™ Flow Cytometer equipped with one laser (488 nm). Excitation was
measured using FL1 (530/30) and data analysis was performed using FlowJo v10.

2.3.10 Statistics

Statistical analyses were performed using ANOVA with Tukey’s post hoc test using the
software Origin Pro 8. Significance level was 0.05. *p-value < 0.05, ** p-value < 0.01 and ***
p-value < 0.001.
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2.4 Results and discussion

2.4.1 Effect of dextran on the properties of DOX loaded PLGA NCs

The size distributions of DOX-loaded PLGA nanocarriers prepared in the absence or
presence of dextran were measured by DLS, NTA and transmission electron microscopy (TEM)
(Fig. 2a-f). The NCs sizes are homogeneously distributed (Pdl < 0.2, Table 1) and size
populations are represented in Fig. 2a (PLGA-DOX NCs), Fig. 2b (Dex1/PLGA-DOX NCs)
and Fig. 2c (Dex5/PLGA-DOX NCs), and corroborated by TEM images (Fig. 2d, 2e and 2f).
Zeta potential (C-potential) was also determined for all formulations and confirmed the negative
surface charge (Table 1) due to carboxyl end groups in PLGA. Analysis of the dextran content
in the NCs was performed by NMR spectroscopy and showed that the molar ratio of (1—6)-a-
D-glucose monomers from dextran and PLA monomers was 8,2 and 1,7 % for Dex5/PLGA-
DOX and Dex1/PLGA-DOX NCs, respectively (Fig. S8).

The NCs concentration — particles number per mL - was estimated using NTA and
Dex1/PLGA-DOX NCs exhibited a higher particle yield (Table 1 and Fig. 2g). Above a certain
concentration, dextran/Pluronic solution separates in two phases, with Pluronic F127
partitioning into a dextran continuous phase.?® PLGA preferably partition into the
Pluronic F127 phase due to the amphiphilic properties of Pluronic F127 and the partial
solubility of ethyl acetate in water, but it can also form multiple emulsions.® The rate of
a Pluronic®-F127/dextran aqueous two-phase system affects PLGA emulsion and
particle structure, forming core-shell or composite particles.?® Our results indicated that
NCs prepared by the emulsion of PLGA into an aqueous two-phase system containing 1
%(w/v) of dextran and 2.5 %(w/v) Pluronic®-F127 increase particle yield.
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Table 1 - Characterization of DOX-loaded PLGA nanocarriers with and without dextran. NTA size (diameter),
Z-average (Pdl), TEM size (diameter), { potential, particle concentration and encapsulation efficiency
of the NCs synthesized with and without dextran. Statistical analysis was performed using ANOVA
with Tukey’s post hoc test. Values represented are mean + SD of independent syntheses (n=4).
*Significantly different from PLGA-DOX NCs with p-value < 0.05, #significantly different from
Dex1/PLGA-DOX NCs with p-value < 0.05.

NTA size z Zeta
Nanocarrier (nm) average TEM size otential Concentration Encapsulation efficiency
(nm) (nm) P (1022 NCs/ml) (EE) (%)
(D90) (mV)
(Pdl)
Dex5/PLGA-DOX 101 £ 30 127 £ 26
+ -38 + +0.2% + 3*#
NCs (129 + 6) (0.19) 115+29 38+4 13+0.2 67+3
Dex1/PLGA-DOX 102 +28 111+£13
+17 -35+ +1* 2+4
NCs (129 £ 3) (0.12) 66 33 6 °
107 £ 28 114 £ 10
PLGA-DOX N +27 -36+7 1.3+0.2* 4+4
GA-DOX NCs (132 £ 11) 0.07) 83 36 30 5

Source: By the author

Loading and release of DOX were evaluated with UV-visible and fluorescence
spectroscopies. For Dex5/PLGA-DOX NCs, a significant increase in the encapsulation
efficiency (EE) was observed when compared to Dex1/PLGA-DOX and PLGA-DOX NCs
(Table 1 and Fig. 2h). Encapsulation efficiency (EE) is affected by changing the type and
concentration of the stabilizing agent in emulsions.’®® The use of surfactants in drug
encapsulation by double emulsion is critical as a barrier to drug release at the internal interface,
and, at the external interface, as a steric stabilizer.*5? By adding Tween 20 or Tween 60 to the
external aqueous phase of polybutyl adipate (PBA) nanocapsules prepared by double emulsion,
Khoee and Yaghoobian reported that the higher viscosity of the external aqueous phase and
reduced diffusion of the hydrophilic cargo increased the encapsulation efficiency of penicillin-
G.1%2 PLGA NPs formed by the emulsion of 0.0625% PLGA in 2% Pluronic®-F127/10%
dextran aqueous two-phase system have a core-shell morphology with Pluronic®-F127
concentrated in the core and dextran concentrated in the shell, as reported by Yeredla et al.?®
The increase of EE for Dex5/PLGA-DOX NCs may be a consequence of the dextran
arrangement at the NCs shell preventing DOX diffusion to the external agueous phase during
emulsion preparation.

Cumulative release (Fig. 2i) revealed higher release rates for Dex1/PLGA-DOX and
Dex5/PLGA-DOX NCs compared to PLGA-DOX NCs at 2.5, 4 and 12 h, indicating an increase
in the burst release for the dextran-containing formulations. Dextran solubility in water may
maximize the interactions of NCs with water molecules, favoring the penetration of the solvent

in the nanocarrier hydrophobic core, intensifying the release.!¢%16°
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Figure 2 - Characterization of the PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs. NTA size distribution
of a) PLGA-DOX NCs, b) Dex1/PLGA-DOX NCs and c) Dex5/PLGA-DOX NCs with respective
representative TEM images in d), €) and f). g) Particle yield (hnumber of NCs per ml), h) encapsulation
efficiency and i) cumulative release profile in 1XxPBS at pH 7.4 and 37 °C of PLGA-DOX,
Dex1/PLGA-DOX and Dex5/PLGA NCs. Statistical analysis was performed using ANOVA with
Tukey’s post hoc test. Values represented are mean + SD (n=4). *p-value < 0.05, ** p-value < 0.01.

Source: By the author

2.4.2 Dextran modulates protein corona formation and hinders uptake by non-phagocytic cells

In vitro cellular uptake studies were performed with H9C2, MCF-7 and RAW 264.7 by
flow cytometry. H9C2 and MCF-7 were incubated for 4 h at 37 °C with free DOX, PLGA-
DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs. RAW 264.7 cells were exposed to the same
samples for 2 and 4 h at 37 °C. Initial DOX dosage was equivalent for all groups (12.5 pg ml
1.
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Figure 3 - In vitro cellular uptake of PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs by flow cytometry
analysis. Comparison of cell fluorescence of a) MCF-7 and b) H9C2 incubated for 4 h and c) RAW
264.7 incubated for 2 h at 37 °C with DOX, PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX
NCs. Uptake by d) MCF-7, €) HI9C2 and f) RAW 264.7 in the absence FBS. MCF-7, H9C2 and RAW
264.7 were incubated for 2 h at 37 °C with PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX
NCs in medium without FBS. DOX dosage was 12.5 pg mlt for all analyses. g) Uptake of
Dex5/PLGA-DOX, Dex1/PLGA-DOX and PLGA-DOX NCs by RAW 264.7 with Dex excess (2 mg
ml™). Characterization of protein corona formed on PLGA-DOX, Dex1l/PLGA-DOX and
Dex5/PLGA-DOX NCs incubated for 2 h with media containing 10 %(v/v) of FBS at 37°C. h)
Adsorbed protein amount measured by the bicinchoninic acid (BCA) assay. i) SDS-PAGE gel image
of the proteins recovered from protein corona formed on PLGA-DOX, Dex1/PLGA-DOX and
Dex5/PLGA-DOX NCs (FBS concentration was 1 %(v/v)). Statistical analysis was performed using
ANOVA with Tukey’s post hoc test. Values represented are mean = SD (n=3, n=4). *p-value < 0.05,
** p-value < 0.01, *** p-value < 0.001.

Source: By the author

A comparison of the fluorescence intensities in Fig. 3 indicated a significant reduction in
Dex5/PLGA-DOX NCs uptake by MCF-7 (Fig. 3a) and H9C2 (Fig. 3b), non-phagocytic cells,
when compared to PLGA-DOX NCs and Dex1/PLGA-DOX NCs. In contrast, RAW 264.7, a
phagocytic cell, showed higher uptake for Dex5/PLGA-DOX NCs in 2 h (Fig. 3c). It has been
shown that dextran-coated NCs efficiently target macrophages®®1¢” and recently, Q. Chen et

al. demonstrated that dextran-coated PLGA NCs have increased uptake in macrophages due to
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receptor mediated endocytosis.®? C-type lectins like SIGN-R1 and mannose receptors (CD206)
are expressed in macrophages and mediate Dex uptake, as well as scavenger receptors type 1
(SR-A1), highly expressed in RAW 264.7. These biomolecules may be responsible for
triggering the Dex5/PLGA-DOX NCs internalization in RAW 264.7 cells.'®8173 Competition
with free Dex (2 mg ml™!) reduced the uptake of Dex5/PLGA-DOX NCs (Fig 3g), corroborating
with receptor mediated endocytosis of these NCs. However, Dex1/PLGA-DOX NCs uptake
was not significantly different from PLGA-DOX NCs in 2 h as well as no significative
difference was observed in the uptake of Dex1/PLGA-DOX NCs in the presence and absence
of free Dex (Fig. 3g). In addition, no significant difference was observed between any of the
tested formulations after 4 h of incubation with the NCs (Fig. S5a, Supplementary Information).

In biological environments (mimicked in vitro by FBS rich medium), proteins bind to the
NCs forming protein corona (PC) affecting cell uptake.®*%% %174 Tq study the PC influence on
the NCs uptake, MCF-7, H9C2 and RAW 264.7 cells were incubated for 2 h at 37 °C with
PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX NCs in medium without FBS.
Dex1/PLGA-DOX NCs uptake by MCF-7 and H9C2 is reduced in the absence of FBS
compared to PLGA-DOX NCs (Fig. 3d and 3e), which is not observed in the presence of serum.
However, RAW 264.7 showed higher uptake for Dex5/PLGA-DOX NCs in medium without
FBS (Fig 3f), the same uptake pattern shown in the presence of serum (Fig. 3c). To characterize
the protein corona (PC) formed on PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX
NCs, we incubated the NCs with media containing 10% of FBS for 2 h at 37 °C. The absorbed
protein amount was measured by BCA assay (Fig. 3h) and the PC molecular composition was
studied by SDS-PAGE (Fig. 3f). SDS-PAGE gel image (Fig. 3i) showed that the NCs’ PC are
formed by proteins with a range of densities. Increases in Dex amount led to decreases in the
lane intensity, corroborating the results from the BCA assay. Two band sizes are very distinct
to the protein corona, one relative to serum albumin and globulins, major components of FBS,
with sizes around 55-70 kDa, and the other, most likely relative to apolipoprotein C (~ 10 kDa).

Surface modifications influence the composition and thickness of protein corona, affecting
the uptake of NCs.%* % Dextran can reduce the interaction of NPs with serum proteins and
higher amounts of dextran on chitosan-based NPs diminished the hard corona around them.®?
In addition, the Dex ability of preventing protein adsorption is well known to the scientific
community.>"-8%175-176 Sakuylkhu et al. reported that the serum proteins adsorb to a greater extent
onto PVA-coated superparamagnetic iron oxide nanoparticles (SPIONs) than onto dextran-
coated SPIONSs, and that negatively charged dextran-coated SPIONS protein corona was formed

specifically by alpha-1-antiproteinase, thyroxine-binding globulin, endopin-1, fetuin-B,
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transthyretin, hemoglobin subunit alpha, and apolipoprotein A-11.17" Thus, the protein
adsorption onto NCs prepared with 5 %(w/v) Dex is reduced compared to the Dex1/PLGA-
DOX NCs, which exhibit higher intracellular accumulation attributed to PC formation,
suggesting that protein adsorption is dependent on the dextran amount. Such dependence has
already been reported by Tekie et al. that showed that higher amounts of dextran decreased the
hard corona formation in chitosan-based nanoparticles.®? Corona formation may also mask
ligand-functionalization on particle surface, limiting its targeting abilities.8389178-17% The
surface functionalization masking effect may be observed for the Dex1/PLGA-DOX NCs when
uptake studies are performed in the presence of FBS (Fig. 3a).

To elucidate the differences in the NCs uptake, the main endocytic pathways were assessed
by pharmacological inhibitors for PLGA-DOX NCs (Fig. S5b, Supplementary Information) and
Dex5/PLGA-DOX NCs (Fig. S5¢, Supplementary Information) in MCF-7 cells. Uptake was
decreased by amiloride, hydroxi-dynasore and dansyl-cadaverine inhibition of
macropinocytosis and clathrin-mediated endocytosis, respectively, for both NCs with and
without Dex. Non-targeted spherical nanoparticles with ~100 nm are mainly internalized by
clathrin-dependent endocytosis!®® while dextran is used as a macropinocytosis marker.8!
However, dextran endocytic pathway may vary with molecular weight.’8? In HelLa cells,
dextran 70 kDa enter the cells by clathrin and dynamin-independent micropinocytosis while
dextran 10 kDa is internalized by clathrin and dynamin-dependent endocytosis in addition to
macropinocytosis.'®?  Nevertheless, inhibition of clathrin-dependent and independent
endocytosis and macropinocytosis had no effect on dextran-based doxorubicin nanocarriers
uptake.'® Some authors suggested that dextran-coated NCs are mainly internalized by fluid
phase endocytosis pathways, without the mediation of a receptor.18418 Noteworthily, aldehyde-
functionalized dextran-based nanocarrier systems are not affected by inhibition of clathrin-
dependent and independent endocytosis, micropinocytosis and membrane cholesterol depletion
in SK-N-BE cells, a human neuroblastoma cell line, but they are affected by glucose content in
the medium, as well as concanavalin A, while MRC-5 cells seem indifferent to both
treatments.*®® The latter highlights the fact that nanoparticles internalization depends not only
on the particles properties, e.g., size and surface, but also on the cell type.5" 176

We investigate if heparan sulfate proteoglycan (HSPG) acts as receptor for the NCs, by
competitive inhibition with free heparin. HSPG is a cell-surface receptor that is involved in the
uptake of diverse macromolecular cargo and play a role in various diseases such as cancer.'®”
188 Incubation of MCF-7 with the NCs in the presence of heparin did not diminished NCs uptake

compared to incubation in the absence of heparin, indicating that HSPG does not participate in
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NCs uptake. Also, competitive inhibition with free Dex did not affect the uptake of NCs capped
with the polysaccharide, which indicates that the uptake is not receptor-mediated in MCF-7.
Dextran interaction with the cellular membrane of non-phagocytic cells may limit NCs-cell
adhesion and affect non-receptor mediated endocytosis, which is supported by competitive
assay in the presence of free Dex. 170 184-185.189 |n aqdition, dextran coatings are shown to avoid
non-specific hydrophobic interactions and reduce cell adhesion between dextran coating and
cell membrane,'” 1% which supports the hypothesis that the uptake is not receptor-mediated in
MCEF-7. Similar results were reported for the uptake of superparamagnetic NPs coated with

dextran by HeLa cells.!8

2.4.3 Dextran-containing formulations induce cell membrane damage

All NCs formulations presented a sustained-release profile with most of the DOX being
released during the first 30 h. It correlates with the cell viability of MCF-7 (Fig. 4a, 4c and Fig.
S3a), HO9C2 (Fig. 4b, 4d and Fig. S3b) and RAW 264.7 (Fig. S3c, Supplementary Information)
assessed by MTT and Trypan Blue exclusion assays. The cells were incubated with PLGA-
DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX NCs at 37 °C for 24 and 48 h. Viability is
clearly lower after 48 h incubation, if compared to 24 h (Fig. S3, Supplementary Information),
which agrees with the release of DOX showed in the release profile (Fig. 2i) and the half-life
of DOX-DNA covalent lesions, known to be 5-40 h.1%*1%2 Also, all formulations have shown
to be more effective against the breast cancer cells, MCF-7, if compared to their effect on

myoblast from heart tissue, H9C2, and macrophages, RAW 264.7.
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Figure 4 - Evaluation of cellular viability by MTT, Trypan Blue and annexin V binding assay for NCs prepared
in the presence and absence of dextran 40. Viability of a) MCF-7 and b) H9C2 incubated for 48 h at
37 °C with PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs by MTT assay. Viability of c)
MCEF-7 and d) H9C2 incubated for 48 h at 37 °C with PLGA-DOX, Dex1/PLGA-DOX and DOX by
trypan blue assay. Viability of e) MCF-7 and f) HI9C2 incubated for 24 h at 37 °C with PLGA-DOX,
Dex1/PLGA-DOX and DOX by annexin V binding assay. Statistical analysis was performed using
ANOVA with Tukey’s post-hoc test. Values represented are mean + SD (n=4). *p-value < 0.05, ** p-

value < 0.01, *** p-value < 0.001.

Source: By the author

Non-significant difference on cellular viability was observed between NCs formulations as
assessed by MTT (Fig. 4a and 4b). However, by trypan blue exclusion assay (Fig 4c and 4d)
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and annexin V binding assay (Fig. 4e and 4f) it was possible to observe a reduced viability of
MCF-7 and HIC2 treated with Dex5/PLGA-DOX NCs in comparison with PLGA-DOX NCs.
The choice of the best method to assess cell damage caused by drug carrier formulations
depends on the mechanism of damage and location of its direct target.%31% MTT assay assesses
the mitochondrial function by measuring activity of mitochondrial dehydrogenase enzymes
while annexin V specifically binds to exposed phosphatidylserine (PS) in early apoptotic
cells.*®>1% Trypan blue exclusion assay evaluates cell membrane integrity by accounting dead
cells that took up trypan blue, a negatively charged dye excluded by live cells.’®® Apoptosis is
anormal genetically programmed process for removal of unwanted cells.**>%7 However, cancer
cells express anti-apoptotic genes that allow them to survive longer, favoring tumor growth and
drug resistance.’®"1% One of the earliest features of apoptosis is the loss of membrane
asymmetry and translocation of phosphatidylserine (PS) from the inner side of the plasma
membrane to the surface. Annexin V specifically binds to exposed PS in early apoptotic cells.!%
Annexin V binding assay showed that Dex5/PLGA-DOX NCs treatment leads to higher
amounts of early apoptotic cells than PLGA-DOX and Dex1/PLGA-DOX NCs.

PS translocation precedes the loss of membrane integrity, which occurs in later stages of cell
death both in apoptotic or necrotic process.®! It is common to stain the cells with annexin V
together with 7-Aminoactinomycin D (7-AAD) or propidium iodide (PI), fluorescent
compounds that intercalate in DNA and can only pass through damage cell membranes.1% 19
However, the fluorescence spectrum of DOX overlaps with the spectra of both dyes and, only
staining with annexin V was evaluated.?®® Therefore, we assessed the membrane integrity by
the trypan blue exclusion assay. Despite both Dex5/PLGA-DOX and PLGA-DOX NCs have
decreased cell viability after 48 h exposure, the NCs prepared with 5%(w/v) of Dex may have
induced greater membrane damage levels, corroborating with annexin V apoptosis detection.
Although MTT assay is commonly used to verify cytotoxicity in vitro, this test has known
limitations to assess nanomaterials toxicity.2%22" MTT assay can misled cell viability due to
optical interference.?%821% For example, MTT assay is reported to overestimate the viability of
CHO-K1 cells treated with nanoscale TiO. when compared to trypan blue exclusion assay
because nanoscale TiO: induces 022 formation and reduces MTT.?% The viability of bovine
peripheral blood mononuclear cells exposed to K.Cr.0O; evaluated by MTT did not match
trypan blue exclusion assay due to ROS interference in the MTT results.?!* Superoxide ions can
reduce tetrazolium salts and produce the absorbent formazan, therefore MTT assay may not be
representative for toxicity of nanomaterial for which induction of oxidative stress is as a key

toxicity mechanism.20% 211-212
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2.4.4 Dex5/PLGA-DOX NCs induces oxidative stress in MCF-7 and HI9C2

To evaluate ROS production, free DOX, Dex5/PLGA-DOX, Dex1/PLGA-DOX and
PLGA-DOX NCs were incubated 2 h at 37°C with MCF-7, HIC2 and RAW 264.7 cells, and
ROS generation was detected by oxidation of 2'-7'-dichlorohydrofluorescein diacetate (CM-
H>DCFDA) using flow cytometry. DOX dosage was the same for all experimental groups (12.5
ug mit). Although free dextran 40 exhibits hydrogen peroxide scavenging activity,?*®
Dex5/PLGA-DOX NCs induced higher generation of reactive oxygen species (ROS) in MCF-
7 (Fig. 5a) and H9C2 (Fig 5b) compared with Dex1/PLGA-DOX, PLGA-DOX NCs and free
DOX. Oxidative stress is one of the main DOX toxicity mechanisms,**! which might explain
the increased generation of ROS associated with the larger amount of DOX per particle. thus,
the increased ROS generation after 2 h of incubation, besides the larger amount of DOX per
particle. It has been reported that faster iron ion release by dextran-coated iron oxide
nanoparticles (IONs) may contribute to the generation of ROS compared to PEG-coated IONs,
as observed for Dex5/PLGA-DOX NCs (Fig. 2i) where dextran favors water infiltration

accelerating NC degradation.?'421°
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Figure 5 - ROS studies to evaluate oxidative stress induced by free DOX, Dex5/PLGA-DOX, Dex1/PLGA-DOX,
PLGA-DOX NCs. Flow cytometry detection of ROS by oxidation 2'-7'-dichlorodihydrofluorescein
diacetate (CM-H,DCFDA\) in a) MCF-7, b) H9C2 and c) RAW 264.7 cell lines after incubation for 2 h
at 37 °C with the NCs. Statistical analysis was performed using ANOVA with Tukey’s post-hoc test.
Values represented are mean£SD (n=4). *p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

Source: By the author

RAW 264.7 presented similar ROS generation for the NCs with and without dextran (Fig
5c¢). It was also observed higher ROS levels induced by the NCs than by free DOX, which may
be due to inflammation-induced oxidative stress.'™>® Macrophages, as professional phagocytic
cells, can induce ROS upon NP uptake via the NADPH oxidase enzyme system.?*6

Despite the reduced uptake, Dex5/PLGA-DOX NCs showed higher ROS levels in heart cells

indicating that it may cause long-term adverse effects such as irreversible cardiomyopathy and
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heart failure, induced by oxidative stress.®*152 214 Dextran-coated IONs formerly reported to
be safe for stem and other non-neuronal cell types were found to be toxic in neurons, mainly
due to oxidative stress.’> In addition, dextran-coated SPIONs showed genotoxicity caused by
oxidative stress at non-cytotoxic concentrations in HepG2 cells.'>®

Oxidative stress effects include DNA damage, mitochondrial dysfunction and membrane
damage due to lipid peroxidation.®®® Lipid peroxidation inhibits membrane functions by
modifying the dielectric constant and contributing to the depolarization of the membrane
potential, which lead to loss of membrane barrier properties and cell death. Also, lipid
peroxidation products are highly reactive and can change structure and function of membrane
proteins, cytoplasmic enzymes and nucleic acids.®™” Therefore, ROS studies indicate that
oxidative membrane damage may be the main cause of the increased toxicity of Dex5/PLGA-
DOX NCs assessed by trypan blue exclusion assays and annexin V binding assay.

Besides increasing the circulation time of nanomaterials, dextran can improve drug delivery
to tumor tissues due to enzymatic hydrolysis through alpha amylase which is overexpressed in
tumor cells. "> ™ In addition, aldehyde dextran nanocarriers loaded with DOX showed poor
efficacy in cells monolayers but overperformed free DOX in three-dimensional SK-N-BE(2)
tumor spheroids due to improved tumor pemetration.” Overall results suggest that 5 %(w/v) of
dextran applied as a stabilizing and capping agent in PLGA NCS loaded with DOX may induce
ROS imbalance and oxidative membrane damage, collaborating with aggravation adverse
effects such as irreversible cardiomyopathy and heart failure, caused by oxidative stress.51-152
214 The addition of 1 %(w/v) of dextran in the NCs synthesis did not increase their toxic effect
in myocardium cells when compared with PLGA-DOX NCs. Thus, Dex1/PLGA-DOX NCs
may be a promising formulation for further investigation as they may improve breast cancer
treatment without favoring severe adverse effects.

These results highlight the importance of an in-depth investigation of the NCs-cell
interaction considering the mechanisms of damage. The specificity of the toxicity tests must
also be considered, since effects including DNA and membrane damage, oxidative stress, and
mitochondrial dysfunction can be posed without detectable changes in cytotoxicity assessed by

MTT assays.>°>158

2.5 Conclusions

The DOX-loaded PLGA NCs were prepared by the emulsion diffusion method using
Pluronic®-F127 and 0, 1 and 5 %(w/v) of dextran (Dex) as stabilizing agents. The Dex5/PLGA-
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DOX NCS showed an increased encapsulation efficiency when compared with Dex1/PLGA-
DOX and PLGA-DOX NCs attributed to the Dex arrangement at the NCs shell preventing DOX
diffusion to the external aqueous phase during emulsion preparation. Dex5/PLGA-NCs
revealed a reduced uptake by myocardium and breast adenocarcinoma cells, which was also
reduced for Dex1/PLGA-DOX NCs in the absence of serum, suggesting that protein corona
formation is modulated by the amount of dextran in the formulation which was supported by
BCA assay and SDS-PAGE of the NCs in the presence of serum. Competitive inhibition with
free dextran did not affect the uptake of NCs capped with the polysaccharide in breast
adenocarcinoma cells, supporting the hypothesis that the uptake is not receptor-mediated in
non-phagocytic cells. Otherwise, RAW 264.7 expresses C-type lectins and scavenger receptors
that can mediate Dex uptake, justifying the enhanced uptake of Dex5/PLGA-DOX NCs by this
cell line.

All the NCs affect cell viability to the same extent when assessed by MTT, however,
Dex5/PLGA-DOX NCs induced greater membrane damage in MCF-7 and H9C2. Nanoparticle-
induced damage is not limited to mitochondrial dysfunction, but other mechanisms, e.g.,
membrane and DNA damage, also correlates with cell death. The higher percentage of early
apoptotic cells and membrane-damaged cells triggered by Dex5/PLGA-DOX NCs is correlated
with their greater induction of ROS, revealing that membrane damage may be posed by
oxidative stress. Since irreversible cardiomyopathy and heart failure are mainly induced by
oxidative stress, Dex5/PLGA-DOX may contribute more to the long-term adverse effects than

formulations with lower Dex concentrations or without Dex.
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3 CHAPTER II: PRO-LEUKEMIC MACROPHAGE-BASED DELIVERY OF
NANOTHERAPEUTICS TO ACUTE MYELOID LEUKEMIA

3.1 Abstract

Acute myeloid leukemia (AML) cells recruit macrophages and induce pro-leukemic
phenotypes. Known as leukemic-associated macrophages (LAMSs), the macrophages promote
cancer progression and drug resistance, correlated with poor prognosis. Nevertheless, LAMs
intrinsic targeting to cancer cells also allows them to act as transporters of nanocarriers (NCs).
We explored the binding between hyaluronic acid (HA) and CD44, a receptor that mediates
cell-cell and cell-matrix interaction, to transport a nanotherapeutic to the leukemic cells. To
assess the macrophages’ ability to effectively deliver NCs via CD44-targeting to AML cells,
we studied their interaction with NCs in co-cultures of macrophages and AML cells. Three
configurations of NCs based on poly (lactic acid-co-glycolic acid) (PLGA) were evaluated: i)
NCs modified with polyethylene glycol (PEG), to evade the immune system; ii) NCs modified
with HA, CD44-HA binding and iii) non-modified NCs (carboxyl moiety). Macrophages
previously exposed to NCs were co-cultured with AML cells and the uptake and delivery of
NCs to AML cells were analyzed by flow cytometry. (PLGA)PEG-HA NCs were more
internalized by pro-leukemic macrophages than non-induced or LPS-induced phenotypes,
indicating specificity and in agreement with the upregulation of CD44 in pro-leukemic
macrophages. (PLGA)PEG-HA NCs interaction with macrophages occurs mostly through
adhesion to cell surface, preventing the NCs from lysosomal destruction. In co-culture model,
AML-supporting macrophages delivered a greater amount of (PLGA)PEG-HA NCs to C1498
cells than non-induced macrophages. Corroborating, viability assays indicated that
(PLGA)PEG-HA NCs loaded with arsenic trioxide (ATO) increase leukemic cell death as a
result of the pro-leukemic macrophages acting as bearer of the NCs. Overall, the results provide
evidence that macrophage-based delivery of (PLGA)PEG-HA NCs loaded with ATO is a
promising strategy to treat AML.

3.2 Introduction

Acute myeloid leukemia (AML) is a severe hematological malignancy marked by the
accumulation of undifferentiated myeloid blasts in the bone marrow (BM) and the disruption
of normal hematopoiesis.!® Although it starts in the BM, cells are also often found in the

peripheral blood. The disease is caused by genetic mutations and aberrant epigenetic regulation
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in hematopoietic stem and progenitor cells, leading to a block in differentiation, increased self-
renewal, and dysregulated proliferation.®> Besides, bone marrow microenvironment (BMME)
cues and interaction with resident cells modulate leukemia progression.i® 2t AML cells are
able to re-educate the BMME stromal cells to leukemia-supporting phenotypes via cell-to-cell
interaction, secreted factors and signal transduction modulation of transcription factors.!2% 217
Upregulation of mannose scavenging receptors (CD206) expression demonstrates that AML
blasts recruit and induce macrophages polarization to anti-inflammatory phenotype with
leukemia-supporting and immunosuppressive properties.t?6218 Infiltration of leukemia-
associated macrophages (LAMSs) into the bone marrow and spleen of AML patients correlates
with therapy resistance and inferior patient outcomes.%212! Custer determinant 44 (CD44) is a
transmembrane adhesion molecule involved in the binding and the metabolism of hyaluronic
acid (HA), an important component of the extracellular matrix.8% 12 HA participates in the
regulation of the inflammatory response of macrophages, and low molecular weight HA
polarizes macrophages to a pro-inflammatory phenotype while high molecular weight HA
induces an anti-inflammatory phenotype.?® CD44 has been associated to homing efficiency,
stemness, engraftment of AML cell, apoptosis and stress resistance in AML cells, and its
expression is upregulated in the BM of AML patients.81712%-130 1n macrophages, CD44 is
highly expressed and its expression levels are affected by macrophage phenotype. 131132

Macrophages are a crucial element of the cancer microenvironment due to their role in
cancer progression, which also make them suitable targets for targeted cancer treatment.
Common therapeutic strategies are: inhibiting the recruitment of monocytes and macrophages,
220 gpecific LAM depletion, *" phenotypic reprogramming to Mi-like anti-cancer
macrophages, ° and blocking of the CD47-SIRPa pathway 27 22! Furthermore, as macrophages
have long half-lives in the body and natural targeting to cancer cells due to chemotactic
mobility, they can be promising tools for drug delivery to cancer cells.}*® Macrophages have a
high loading capacity for nanotherapeutics since they can directly phagocytose nanocarriers in
the bloodstream.” Murine macrophage-like cells RAW 264.7 loaded with free or nano-based
doxorubicin (DOX) increased tumor-targeting and anti-cancer efficacy in mice bearing
intracranial U87 glioma, 4T1 breast cancer and human breast tumor MCF-7 models.14>148-149 |
addition, murine bone-marrow-derived macrophages (BMDMs) carrying NCs encapsulating
tirapazamine improved tumor penetration and drug accumulation in hypoxic areas of 4T1 breast
cancer.” Solid tumor formation is uncommon in leukemia but the interaction of leukemic cells

with macrophages also occurs either through contact-dependent effects (direct cell-to-cell
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interactions) or contact-independent effects (via cancer or macrophage-secreted factors).02 123
Thus, nanocarriers (NCs) decorated with HA can be used in macrophage-based cancer
therapies, exploiting the macrophages as carriers of the NCs.!31222226 Tg assess the
macrophages’ ability to effectively deliver nanotherapeutics to leukemic cells, we employed
co-cultures of macrophages and leukemic cells to better resemble the microenvironment and
cell-cell interaction. Three configurations of NCs based on poly (lactic acid-co-glycolic acid)
(PLGA) were evaluated: i) NCs modified with polyethylene glycol (PEG), for evasion of the
immune system; ii) NCs modified with hyaluronic acid, for interaction with macrophages via
the CD44 receptor and iii) non-modified NCs.

3.3 Experimental
3.3.1 Materials

Poly(lactide-co-glycolide) (PLGA) (Resomer 503H 50:50 MW 24000-38000, acid
terminated, #719870), Pluronic®-F127 (#P2443), poly(ethylene glycol) bis(amine) (NH2-PEG-
NH2, Mw 3000, #14502), arsenic trioxide (ATO, #202673), rhodamine B (RhB, #83689),
deuterium oxide (D-0, #151882), chloroform-d (CDCI3, #151823), lipopolysaccharide (LPS,
#1.4391), hyaluronic acid sodium salt (1500-1800 kDa, #53747), tetrazolium blue thiazolyl
bromide (MTT, #M2128), glycine (#G8898), KCI (#C2010.0.AH), NaCl (#C1060.01.AH),
KH2PO. (#P9791), Na.HPO. (#S5136), N-hydroxusuccinimide (NHS, #56480), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, #03450), triethylamine
(TEA, #T0886), 2-(N-Morpholino) ethanesulfonic acid (MES monohydrate, #69892),
dichloromethane anhydrous (DCM, #270997), diethyl ether (#£1017) , methanol (#A1085),
acetone (#A1017) and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA,
#E5134) were obtained from Sigma-Aldrich. Trypan Blue Stain (0.4%(w/v)) for use with the
Countess™ Automated Cell Counter, Anti-Mo CD80 (B7-1) eBioscience PE-cyanine5 (#15-
0801-82), Anti-Mo CD86 (B7-2) eBioscience PE-cyanine5 (#15-0862-82), Anti-Mo CD206
(MMR) eBioscience PerCP-eFluor 710 (#46-2061-82), Anti-Hu/Mo Arginase-1 eBioscience
PerCP-eFluor 710 (#46-3697-82), CellTracker Green CMFDA (#C7025) and CellMask Green
plasma membrane stain (#C37608), were purchased from Invitrogen™. Dimethyl sulfoxide
(DMSO, #D1011.01.BJ) was obtained from Synth. Dulbecco's Modified Eagle Medium
(DMEM) culture media with (#D0072) and without phenol (#000394), Fetal Bovine Serum
(FBS, #50011) and L-Glutamine 200 mmol ml* (#G0209) were obtained from Vitrocell. FITC
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Annexin V Apoptosis Detection Kit | (#556547) and PE-Cy7 Mouse Anti-Human CDA44
(#560533) were obtained from BD Pharmingen™,

3.3.2 Synthesis of the PLGA-PEG-NH: copolymer

The synthesis of PLGA-PEG-NH2 was adapted from Saneja et al.??” 250 mg of PLGA
(Resomer 503H 50:50, MW 24000-38000, carboxylic acid terminated), 42 mg of EDC and 42
mg of NHS were added to 5 ml of DCM anhydrous. The reaction was maintained for 24 h at
room temperature under nitrogen atmosphere. The resulting solution was filtered through a
syringe filter with a 0.45 um pore size. The activated PLGA was precipitated with cold diethyl
ether and dried under reduced pressure. 200 mg of activated PLGA in DCM were added
dropwise to 200 mg of poly(ethylene glycol) bis(amine) (NH2-PEG-NH,, Mw 3000) in DCM.
After, 50 pl of TEA was added to the reaction. The reaction was purged with N2 for 1 h and
then maintained in a closed flask for 24 h under mild stirring at room temperature PLGA-PEG-
NH. was precipitated with cold diethyl ether, washed three times with cold methanol, and dried
under reduced pressure.

Conjugation of NH2-PEG-NH, with PLGA-COOH was confirmed by using Fourier-
transform infrared (FTIR) and proton nuclear magnetic resonance (*H NMR) spectroscopy.
FTIR spectroscopy was performed in an Infrared spectrometer Nicolet 6700/GRAMS Suite at
128 scans per sample with 4 cm™ resolution from 4000 to 400 cm™. The samples were prepared
by drop-casting 20 pl of the formulations in silicon wafer and dried under reduced. *H NMR
were recorded on an Agilent technologies 400/54 Premium Shielded NMR Magnet at 400 MHz.
Approximately 15 mg of PLGA-COOH or PLGA-PEG-NH> copolymers were dissolved in 750
ul of chloroform-d (CDCI3) and transferred to a 5 mm NMR tube.

3.3.3 Syntheses of PLGA and PLGA-PEG-NH2 NCs loaded with RhB or ATO

500 pl of 2.5% (w/v) PLGA-PEG-NH: solution was prepared in acetone and kept under
stirring for 10 minutes. Then, 1 mL of 2.5% (w/v) Pluronic®-F127 in deionized water (diH20)
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containing 300 pg of RhB (0.3 mg/ml) or ATO (0.2 mg/ml) was poured onto the organic phase

under constant stirring. Acetone was evaporated under reduced pressure in a desiccator.

3.3.4 Conjugation of hyaluronic acid or polyethylene glycol carboxylic acid terminated to
(PLGA)PEG-NH: NCs

Conjugation of HA with (PLGA)PEG-NH2> NCs was by EDC/NHS coupling adapted
from Saneja et al.?2” The carboxylic groups of 5 pg HA in the form of hyaluronic acid sodium
salt were activated with 5 pg of EDC and 5 pg of NHS in 300 pl of 10 MM MES monohydrate
buffer (pH 5.5) for 30 min. The pH of the solution containing the activated HA was adjusted to
7.0 with 1 M sodium bicarbonate solution and (PLGA)PEG-NH> NCs were subsequently added
dropwise to the solution. The reaction was kept for another 2 h under mild magnetic stirring
and then centrifuged (10000 g, 25 min, 20 °C) and resuspended in 50 mM Tris buffer, pH 8.0,
containing 0.1% (w/v) glycine to neutralize the reaction medium. The (PLGA)PEG-HA NCs
were recovered by centrifugation (10000 g, 30 min, 20°C). Polyethylene glycol carboxylic acid
(PEG(COOH)) terminated conjugation to (PLGA)PEG-NH: NCs followed the same protocol
as HA conjugation where 5 pug of PEG(COOH) were also activated with EDC and NHS.

3.3.5 Indirect determination of hyaluronic acid conjugation to the PLGA(PEG)-NH2 NCs

To assess the conjugated amount of HA on the surface of the NCs, the concentration of
unconjugated HA present in the supernatant was estimated using the turbidimetric method of
hexadecyltrimethylammonium bromide (CTAB).??® Standard solutions of HA (50 pl, 0.005 —
1 mg ml™) were prepared in deionized water and added to a 96-well plate in triplicate. After,
sodium acetate buffer (50 ul, 0.2 M, pH 5.5) were added and the plate was incubated for 10 min
at 37 °C. 100 pl of CTAB solution (10 mM) was added to the wells and the absorbance was
measured at 570 nm using the SpectraMax® M3 plate reader (Molecular Devices) controlled
by SoftMax Pro software. Calibration curve was obtained by linear regression (Supp Fig. S5).
The unconjugated HA was obtained by centrifuging the PLGA(PEG)-HA NCs (10000 g, 30
min, 20 °C) and collecting the supernatant. Measurements were performed in triplicate of

independent syntheses. The mass of HA conjugated to the surface of the NCs was estimated by
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subtracting the amount of HA present in the supernatant from the initial amount of HA added
to the reaction.

3.3.6 Characterization of the NCs

Zeta potential and size distribution of all the nanoparticles (NPs) were measured using
Zetasizer Nano ZS, Malvern. The NCs’ yield ans size were evaluated by nanotracking analysis
(NTA), Nanosight NS300, Malvern. NTA analyses were performed with 50-100 particles/frame
and Camera Level of 12 (shutter: 1200; gain: 146).

The (PLGA)PEG-NH:2 NCs conjugation with HA or PEG(COOH) was confirmed by FTIR
and *H NMR. After centrifugation (10000 g, 25 min, 20 °C), the NCs were resuspended in
deionized water and added to silicon wafers by drop-casting 20 ul of each sample on its surface.
The samples were dried under reduced atmosphere. *H NMR spectra were recorded on an
Agilent technologies 400/54 Premium Shielded NMR Magnet at 400 MHz. (PLGA)COOH,
(PLGA)PEG, and (PLGA)PEG-HA NCs were freeze-dried and 2.5 mg of each formulation
were dispersed in 600 pL of D20 and transferred to a 5 mm NMR tube prior to analysis.

Cryogenic Transmission Electron Microscopy (Cryo-EM) images were obtained in a JEM-
2100 Transmission Electron Microscope. The formulations — (PLGA)COOH, (PLGA)PEG,
and (PLGA)PEG-HA NCs — were centrifugated (10000 g, 25 min, 20 °C) and resuspended in
deionized water at the concentration of 10* NCs/ml. The samples were prepared by depositing
3 pL of each formulation on a copper grid, the excess was dried for 3 s with filter paper and the

grid was dipped in liquid ethane. The samples were vitrified using Vitrobot Mark.

Arsenic trioxide (ATO) encapsulation efficiency was determined by Inductively coupled
plasma mass spectrometry (ICP-MS). 1 ml of each nanocarrier formulation — (PLGA)COOH,
(PLGA)PEG-NH2, (PLGA)PEG, and (PLGA)PEG-HA NCs — was centrifuged (10000 g, 25
min, 20 °C), the pellets containing the NCs were digested by adding 0.5 mL of HNO3 and 0.2
mL of 30% (w/v) H20- to each sample. The samples were heated at 100 °C for at least 2 h
within a closed vessel and then diluted to 10 ml with diH20. ICP-MS was performed by
LabExata using a PerkinElmer's NexION® 2000 instrument. The encapsulation efficiency

values were obtained according to equation (1).

%EE — [ATO]intheNCs X 100 (1)

[ATO]in the synthesis
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3.3.7 Cell culture

Monocyte/macrophage-like cell (RAW 264.7, ATCC) and lymphoblasts from acute
myeloid leukemia (C1498, ATCC) of Mus musculus were cultured in DMEM supplemented
with 10 %(v/v) FBS in 75 cm? flasks (Greiner) at 37 °C in humidified atmosphere with 5% CO-
and cultured to 70% of confluence prior to experiments. C1498 cells, non-adherent cells, were
cultured in suspension while RAW 264.7 cells, adherent cells, were cultured in adhered to the

surface of the flasks.

3.3.8 Induction of RAW 264.7 macrophages and polarization study

In a 12-well plate, 1 x 10° non-activated RAW 264.7 macrophages (M@) were seeded
per well. The macrophages were stimulated for 48 h with 100 ng mI™ of liposaccharides (LPS)
(M(LPS)) or conditioned medium from C1498 cells (M(C1498)) and incubated at 37 °C, 5%
COz in a humidified atmosphere. 1 x 10° C1498 cells were cultured in 10 ml of fresh medium
and after 48h the conditioned medium was collected by centrifugation. The macrophages were
detached from the plate with a cell scraper. To study the pro-inflammatory phenotype induced
by LPS (M(LPS)), cells were centrifuged (500 g, 10 min, 4°C) and resuspended in 200 ul of
PBS (pH 7.4) containing 5 mM of ethylenediaminetetraacetic acid (EDTA), 2% FBS, 1 %(w/v)
BSA and the antibody anti-CD80 (0.06 pg/ml) or anti-CD86 (2.5 pg/ml) labeled with PE-Cy5
(extracellular staining protocol). To study the anti-inflammatory phenotype induced on
macrophages by conditioned medium from C1498 culture, both CD206 and Arg1 intensity were
evaluated. Argl is a marker predominantly expressed in the cytosol while CD206, despite being
present on the surface of macrophages, it is found largely unassociated with the membrane.
Thus, for intracellular staining, the cells were washed with PFE buffer, fixed with 3.7%
paraformaldehyde (PFA) for 15 minutes, washed again with PFE buffer, centrifuged (500 g, 10
min, 4°C) and resuspended in 200 ul of PBS (pH 7.4) containing 5 mM of EDTA, 2% (v/v)
FBS, 1% (w/v) BSA, 0.2% (v/v) Triton X-100 and the antibodies anti-CD206 (0.2 pg/ml) or
anti-Argl (0.3 pg/ml) labeled with PerCP-eFluor710. During the antibody extra and
intracellular staining, the cells were kept at 4 °C for 40 minutes. Then, the cells were washed
by centrifugation (500 g, 10 min, 4 °C), resuspended in PFE buffer and kept on ice until the
measurement was performed. CD44 intensity was also evaluated in M(LPS), M(C1498) and
M@ phenotypes using the extracellular staining protocol with anti-CD44 (2.4 ug/ml) labeled
with PE-Cy7. Measurements were performed using the FL3 filter (650/30 nm) of the BD FACS
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CalliburTM Flow Cytometer equipped with a laser at 488 nm. Data was analyzed using FlowJo
software V10.

3.3.9 Internalization assays

NCs internalization by macrophages and leukemic cells were studied in mono- and
cocultures. For the experiment in monocultures, C1498 cells were seeded in 12-well plates, at
1 x 10° cells per well and grown for 24 h. 1 x 10° M@ macrophages were seeded per well in 12-
well plates, stimulated for 48 h with LPS (M(LPS)), conditioned medium from C1498 cells
(M(C1498)) or non-stimulated. C1498 cells and the macrophages were exposed to RhB-loaded
NCs for 0.5, 1, 2 or 4 h at 37 °C, 5% CO.. Following incubation, the medium containing the
NCs was removed, cells were washed with 1X PBS (pH 7.4) and detached from the plate using
a cell scrapper. Samples were centrifuged (4 °C, 500 g, 10 min) and washed with PFE buffer.

To distinguish between the NCs adhered to the cell surface and internalized, the cells
were also exposed to the NCs at 4 °C. Before adding the NCs, the cells were incubated for 30
min at 4 °C. Following, cells were exposed to ice-cold NCs for 2 h at low temperature (4 °C).
Also, to assess the binding ability of the (PLGA)PEG-HA NCs to HA receptors, CD44,
(PLGA)PEG-HA NCs were co-incubated with 50 pg mi* HA for 2 h at 37 °C. HA was
incubated with the cells for 30 min before adding the NCs.

For coculture experiments, 1 x 10° M@ macrophages were seeded per well in 12-well
plates and stimulated for 48 h with LPS, conditioned medium from C1498 cells or non-
stimulated. To distinguish M@ macrophages and C1498 cell in the co-culture experiments,
C1498 cells were stained with CellTracker™ Green prior to each incubation with M@
macrophages. Thus, C1498 cells were centrifuged and resuspended in a 2 nM CellTracker™
Green solution prepared in serum free medium at 1 x 10° C1498 cells/ml and incubated for 10
min at 37 °C, protected from light. The stained C1498 cells were centrifuged twice (25 °C, 300
g, 5 min) to remove CellTracker™ Green excess and stored at 37 °C in humidified atmosphere
with 5% CO: until the experiment’s next steps.

After induction, the macrophages were exposed to RhB-loaded NCs for 2 h. The
medium was removed and the non-interacting NCs were removed by washing the macrophages
with PBS pH 7.4. Then, 2.5 x 10° C1498 cells prior stained with CellTracker™ Green were
added to each well together with the NC-loaded RAW?264.7 cells and the plate was incubated
for 4 h at 37 °C in humidified atmosphere with 5% CO-. The cells were detached from the plate
with a cell scraper, washed by centrifugation (4 °C, 500 g, 10 min) and resuspended in PFE
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buffer. Experiments were performed with a BD FACS Callibur™ Flow Cytometer, equipped
with an air-cooled argon-ion laser (488 nm). Emission was measured using FL2 (590/30) and

data analysis was performed using FlowJo v10.

3.3.10 Confocal microscopy

Confocal microscopy experiments were performed using a Zeiss LSM900 laser-
scanning confocal microscope. For the experiment in monocultures, cells were seeded on
coverslips in 12-well plates at 10* cells per well. Macrophages phenotypes were induced for 48
h by exposure to LPS and conditioned medium as previously described. Following 48 h
induction, cells were incubated with 1 ml of 1x10° RhB-loaded NCs per ml for 2 h at 37 °C,
5% CO:z. Following incubation, the media containing the NCs were removed, cells were washed
three times with 1X PBS (pH 7.4) and incubated with 5 pg/ml of CellMask™ Green plasma
membrane stain for 5 min. At the end of the incubation period, cells were washed three times
with 1X PBS (pH 7.4), fixed with 3.7% paraformaldehyde for 10 min, rewashed with PBS and
blocked with 2 %(w/v) BSA for 15 min. The cells were rinsed three times with PBS prior to
incubation with anti-CD44 (2.4 pg/ml) labeled with PE-Cy7 for 45 min at room temperature,
washed again, stained with 0.1 pg/ml Hoechst 33342 for 10 min, washed three times with PBS
and one time with ddH-O. The coverslips were mounted with Fluoroshield medium. At least 3
images were collected per sample from three independent experiments. After acquisition, the
Pearson’s coefficient of anti-CD44 labeled with PE-Cy7 and RhB-loaded NCs was calculated
for 3-5 images using the JACop plugin in Fiji software.

For coculture experiments, 10* RAW 264.7 cells were seeded on coverslips in 12-well
plates and induced for 48 h before being exposed to RhB-loaded NCs for 2 h, as performed for
the monocultures. The media was removed and non-interacting NCs were removed by washing
with PBS. Then, 100 ul of PBS containing 10° C1498 cells stained with CellTracker™ Green,
as described prior at the "Internalization assays” section, were added onto the coverslips as a
single drop and together with the NC-loaded RAW264.7 cells already adhered on it. After 30
min, fresh medium was added to each well and the cells were incubated for 4 h at 37 °C in
humidified atmosphere with 5% CO.. After incubation, the medium containing the NCs was
removed, cells were washed three times with 1X PBS (pH 7.4) and incubated with 5 pg/ml of
CellMask™ Deep Red plasma membrane stain for 5 min. At the end of the incubation period,
cells were washed three times with 1X PBS, fixed with 3.7% paraformaldehyde for 10 min,
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rewashed with PBS and blocked with 2 %(w/v) BSA for 15 min. The cells were rinsed three
times with PBS prior to incubation with 0.1 pg/ml Hoechst 33342 for 10 min, rewashed with
PBS and rinsed one time with ddH20. The coverslips were mounted with Fluoroshield medium.
The images were processed using the Fiji software. Images were collected using three channels

and excitation diode lasers 405 nm and 561 nm.

3.3.11 Cumulative release of rhodamine B from NCs from RAW 264.7

RAW 264.7 macrophages were seeded in 12-well plates at 10° cells per well and M@,
M(LPS) and M(C1498) phenotypes were induced for 48 h. The cells were exposed to
(PLGA)COOH, (PLGA)PEG, and (PLGA)PEG-HA NCs loaded with RhB for 2 h, washed once
with PBS pH 7.4 and incubated in 1 ml of fresh media without phenol at 37 °C. After 1, 4, 8,
12, 24 and 48 h, the medium was collected, centrifugated (25 °C, 500 g, 5 min), and supernatant
fluorescence intensity was measured using a SpectraMax® M3 plate reader (Molecular
Devices), controlled by SoftMax Pro software at 590 nm (exc: 480 nm). After sample
collection, the cells were incubated again with 1 ml of fresh media under the same conditions.

The cumulative release (CR) values were obtained according to equation (2), with the
percentage released (% released(t)) calculated by equation (3)

% CR = % released(t — 1) + % released(t) 2
FLU,

% released = - 100 3)

Total

where FLUt is the fluorescence of at 590 nm of the sample at time t, and FLU~ota is the
fluorescence of the NC-loaded RAW 264.7 cells at t=0. FLUota Was obtained by a control
experiment in which the cells were destroyed by adding 1 ml of DMSO to each well right after
exposure to the NCs loaded with RhB for 2 h and wash with PBS pH 7.4. The fluorescence

intensity of the resultant solution was measured similarly to the samples collected.

3.3.12 Cell viability in monoculture and coculture models

Cell viability was assayed by the tetrazolium reduction colorimetric method and
propidium iodide (PI) method, respectively. In tetrazolium reduction colorimetric assay, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, #M2128) is reduced to
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formazan by the action of NAD(P)H dependent oxidoreductases. Monoculture assays were
performed in 96-well clear plates with flat bottom. 5 x103 C1498 cells were seeded per well and
grown for 24 h before being exposed to the NCs for 24h. To assess cell viability of M@, M(LPS)
and M(C1498) macrophages, 5 x 10® M@ macrophages were seeded per well and induced with
LPS or conditioned C1498 medium, or non-induced for 48 h before being exposed to ATO-
loaded NCs for 24 h. For coculture experiments, the seeding and macrophage induction was
performed as described for monoculture experiments. After, the media was removed and non-
interacting NCs were removed by washing with PBS. 2.5 x 10° C1498 cells were added to each
well together with the NC-loaded RAW?264.7 cells and the plate was incubated for 24 h at 37
°C in humidified atmosphere with 5% CO>. The C1498 non-adherent cells were removed
together with media, placed on another 96-well plate and formazan was solubilized by 100 pl
of isopropanol 4 mM HCI prior to the absorbance measurement. The macrophages remain
adherent to the bottom of the plate, and it was added 100 pl of DMSO to the each well to
solubilize the formazan prior to absorbance reading. The absorbance was measured using a
SpectraMax® M3 plate reader (Molecular Devices), controlled by SoftMax Pro software at 570
and 630 nm, for mono and co-culture assays. (PLGA)COOH and (PLGA)PEG-HA NCs were
tested at an ATO dosage of 1.2 pug ml™.

Propidium iodide (PI) is a red-fluorescent dye that binds to DNA by intercalating between
the bases. Membranes of viable cells exclude P1, however, dead or damaged cells are permeable
to PI. In a 12-well plate, 2.5 x 10° C1498 cells were seeded in each well and grown for 24 h.
Also, 1 x 10° MO macrophages were seeded per well in 12-well plates and induced with LPS,
conditioned C1498 medium or non-induced for 48 h. The C1498 cells and macrophages were
exposed to the NCs at 1.2 pug ml-1 of ATO (2.2 x 10'° (PLGA)COOH NCs/ml, 7.0 x 10%°
(PLGA)PEG-HA NCs/ml and 2.5 x 10%° (PLGA)PEG NCs/ml) for 24 h. Culture medium was
removed, the cells were detached from the plate with a cell scraper, collected and washed by
centrifugation (4 °C, 500 g, 10 min) and, resuspended in 1X Annexin V Binding Buffer
provided with the FITC Annexin V Apoptosis Detection Kit I. The samples were stained with
5 ul of PI staining solution per test and incubated protected from light for 15 min. For co-culture
experiments, 1 x 10° RAW 264.7 cells were seeded in 12-well plates and polarized for 48 h
before being exposed to ATO-loaded NCs for 2 h. After removing the medium and washing
with PBS (pH 7.4) to remove non-interacting NCs, 5 x 10* C1498 cells stained with
CellTracker™ Green were added to each well together with the NC-loaded Raw 264.7 cells.
The cocultures were incubated for 24 h at 37 °C in humidified atmosphere with 5% CO:. The

macrophages were detached from the plate with a cell scraper and collected together with the
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C1498 cells. The cells were washed by centrifugation (4 °C, 500 g, 10 min), resuspended in
100 pl of 1X Annexin V Binding Buffer and stained with 5 pl of PI staining solution provided
in the kit and incubated in dark for 15 min. The measurements were performed immediately in
a BD FACS Callibur™ Flow Cytometer equipped with one laser (488 nm). Emission was
measured using FL1 (630/30) and data analysis was performed using FlowJo v10.

3.4 Results and Discussion

3.4.1 ATO-loaded NCs characterization

The hydrodynamic diameter of ATO-loaded (PLGA)COOH, (PLGA)PEG, and
(PLGA)PEG-HA NCs measured by DLS and NTA showed a larger size for NCs containing
HA on the surface when compared with the others NCs (Table 2 and Fig.6 a-c). The
hydrodynamic radius of the 1430 + 40 kDa HA fragment determined by size exclusion
chromatography correspond to 81 + 1 nm.??® The increase in the hydrodynamic diameter of the
(PLGA)PEG-HA NCs may be due to the hyaluronic acid molecules conjugated to the NCs
(1500 — 1800 kDa) and the random coupling of HA chain to (PLGA)PEG-NH: NCs, since HA
molecules have several carboxylic groups that can be activated by EDC/NHS.

The NCs were visualized by Cryo-EM microscopy (Fig. 6d, 6e and 6f). Zeta potential
(C-potential) was also determined for all formulations (Table 2 and Fig. 6g) and was
significantly lower for (PLGA)PEG-HA NCs than (PLGA)COOH and (PLGA)PEG NCs due
to HA (negatively-charged molecule) conjugated on the surface of the NCs, in accordance with
previous reports.??” 222 On the other hand, PEG reduced the overall negative surface charge and
increased the {-potential of (PLGA)PEG NCs compared to (PLGA)COOH and (PLGA)PEG-
HA NCs. The particle yield — particles number per ml - was estimated using NTA and exhibited
no significant difference between the NCs (Table 2 and Fig. 6h). Encapsulation efficiency (EE)
of ATO in each NCs formulation was determined by ICP-MS (Table 2 and Fig. 6i). The EE
was 4.4 + 0.8 % for (PLGA)COOH NCs, 1.2 + 0.2 % for (PLGA)PEG NCs and 4.9 + 0.3 % for
(PLGA)PEG-HA NCs, corresponding to 45 + 4, 13 + 2 and 49 + 16 uM, respectively. ATO
IC50 is in the range of 0.9, 0.5, 1.3 and 2.9 uM for acute promyelocytic leukemia NB4, acute
lymphocytic leukemia CCRF-CEM, acute lymphoblastic leukemia SUP-B15 and acute
promyelocytic leukemia HL-60 cell lines, respectively.?1232 Thus, despite the low
encapsulation efficiency, the amount of ATO into the NCs is relevant for leukemia treatment.

RhB-loaded NCs used for NC-cellular interaction studies performed by flow cytometry were
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also characterized and showed homogeneously distributed sizes (Pdl < 0.2, Table S1) and size
populations are represented in Fig Sla.

Table 2 - Characterization of ATO-loaded (PLGA)COOH, (PLGA)PEG, and (PLGA)PEG-HA nanocarriers.
NTA size (diameter), Z-average (Pdl), Cryo-EM size (diameter), {-potential, particle yield (number of
NCs per ml), and ATO concentration of the NCs. Statistical analysis was performed using ANOVA
with Tukey’s post hoc test. Values represented are mean = SD of independent syntheses (n=4). *
Significantly different from (PLGA)PEG NCs with p-value < 0.05. # Significantly different from
(PLGA)PEG-HA NCs with p-value < 0.05. & Significantly different from (PLGA)PEG-HA NCs with
p-value < 0.05. $ Significantly different from (PLGA)PEG NCs with p-value < 0.05. @ Significantly
different from (PLGA)PEG-HA NCs with p-value < 0.05. % Significantly different from (PLGA)PEG-
HA NCs with p-value < 0.05. ** Significantly different from (PLGA)PEG NCs with p-value < 0.01.
## Significantly different from (PLGA)COOH NCs with p-value < 0.01. *** Significantly different
from (PLGA)PEG NCs with p-value < 0.005. ### Significantly different from (PLGA)PEG-HA NCs
with p-value < 0.005. &&& Significantly different from (PLGA)PEG-HA NCs with p-value < 0.005.
$3$$ Significantly different from (PLGA)PEG NCs with p-value < 0.005. @@@ Significantly different
from (PLGA)PEG NCs with p-value < 0.005.

NTAssize Z-average Zeta Particle yield EE (%)

(nm) (nm) potential (1022
(D90) (Pdl) (mV) NCs/ml)
(PLGA)COOH 183+44°% 181+5™% -33.9+0.8 11+5 44+08"
NCs (244 £19)  (0.06 %55 ###) e
(PLGA)PEG 127 £ 51 143+7¢& -15.2+0.2 11+1 12+02%
NCs (176 + 28) (0.19) 888
(PLGA)PEG- 202 £ 70 # 214 +5 -41+2 7+2 4.9+0.3
HA NCs (296 £ 36)  (0.34000Q)

Source: By the author

The conjugation of HA or PEG carboxylic acid terminated to (PLGA)PEH-NH: NCs
was confirmed by an amide peak between 6 4.0 — 4.2 in the 1H-NMR spectrum of (PLGA)PEG-
A and (PLGA)PEG NCs (Fig S4). Also, the mass of HA bounded to the surface of the
(PLGA)PEG-AH NCs loaded to ATO and RhB were determined by the CTAB turbidimetric
method, which indicated 3.4 + 0.4 and 2.3 £ 0.6 pug (mean + SD, n=6) of HA conjugated to the
surface of NCs, resulting in 19.5 + 2.3 moleculess/NC and 13.1 = 2.8 molecules/NC,
respectively. The conjugation efficiency was equal to 68 = 7 % and 46 + 13% for the NCs
loaded to ATO and RhB, respectively.
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Figure 6 - Characterization of the (PLGA)COOH, (PLGA)PEG, (PLGA)PEG-HA NCs. NTA size distribution
of a) (PLGA)COOH NCs, b) (PLGA)PEG NCs and c) (PLGA)PEG-HA NCs with respective
representative Cryo-EM images in d), e) and f). g) Particle yield (number of NCs per ml), h) {-potential
and, i) ATO encapsulation efficiency (EE). Statistical analysis was performed using ANOVA with
Tukey’s post hoc test. Values represented are mean + SD of four batches (n=4). *p-value < 0.05, ***
p-value < 0.001.

Source: By the author

3.4.2 Macrophages phenotype induced by conditioned medium from leukemia cells increases
CD44 intensity and benefits interaction with PLGA(PEG)-HA NCs

Macrophages are highly plastic cells that respond to extracellular cues by adopting
different functional phenotypes that differ in terms of receptor expression, cytokine production,
effector function, and repertoire of chemokines. RAW264.7 macrophages were stimulated with
LPS (M(LPS)) or conditioned medium from C1498 (M(C1498)) for 48 h to simulate two

phenotypes, pro- and anti-inflammatory, followed by quantification of the phenotypic markers
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CD80, CD206 and Arg-1, and CD44 receptor by flow cytometry. LPS exposure increased CD80
intensity probably due upregulation of CD80 expression, a standard marker of pro-
inflammatory M1-like phenotype (Fig. 7a). Pro-inflammatory macrophages are effector cells
responsible for detection, phagocytosis and destruction of microorganisms and cancer cells, and
are characterized by an increase in expression of markers such as CD80, CD86 or CD38. In
leukemia, M1-like macrophages exhibit anti-leukemia and immunostimulatory functions,
reducing cancer drug resistance.’®> The macrophages exposed to conditioned medium from
C1498 cells (M(C1498)) showed increased intensity of CD206 and Arg-1, associated markers
for anti-inflammatory M2-like phenotype (Fig. 7c). In vitro, in vivo and clinical models reported
that macrophages polarized by AML blasts have upregulated CD206 expression, and have
leukemia supporting and immunosuppressive properties.t?l: 125126 Also, infiltration of anti-
inflammatory macrophages into BM is related to drug resistance in AML patients.'?® CD44 is
an adhesion molecule involved in the regulation of adhesion and homing to BM, mobilization
of leukemia-initiating cells, and its expression level in BM correlates with worse prognosis in
leukemias.'"13% CD44 is also expressed in leukemic stem cells (LSCs) and plays an important
role in homing and engraftment of LSCs within the osteoblast-rich area of the bone marrow,
retaining their ability to initiate and maintain the leukemic clonal hierarchy and favouring drug
resistance and AML relapse.®>!®  Administration of monoclonal antibody directed to CD44
prevent AML-LSCs interaction with stem cell-supportive microenvironmental niches, leading
to AML eradication.®> In macrophages, CD44 regulates macrophage migration and CD44-
macrophages are less sensitivite to chemoattractants.™®® Thus, CD44 intensities were
determined for non-activated (M@), M(LPS) and M(C1498) macrophages (Fig. 7b). M(C1498)
phenotype showed increased CD44 intensity while M(LPS) macrophages CD44 intensity
remains at the same level as non-induced macrophages. Previous observations by Rios de la
Rosa et al. suggest that CD44 was downregulated in M2-like THP-1
macrophages.!3!Macrophage activation exists on a spectrum and different stimuli may lead to
various phenotypes.?®® Some authors, subdivide M2 macrophage into M2a, M2b, M2c, and
M2d phenotypes, which differ from each other in polarizing cytokines, protein expression and
function.?®* IL-4 and IL-13 cytokines induce M2a macrophages, a wound-healing phenotype,
while TAMs are known to be M2d macrophages.?** Growth factor independence 1 (Gfil) is
crucial for the induction of M2 macrophage phenotype by C1498GFP AML cells in vitro and
in vivo.'?* Gfi-1 induced macrophages presented a Ly6C CD206" M2-Like phenotype and
differs from macrophages induced by IL-4, that showed an enhanced differentiation into
Ly6C*CD206" and Ly6C*CD206™ phenotypes.'?! Rios de la Rosa et al. induced M2-like THP-
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1 macrophages by exposing the cells to IL-4 and I1L-13 for 24 h, which may result in a different
receptor expression pattern or phenotype subtype than M(C1498) phenotype, induced by

conditioned medium from leukemic cells.
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Figure 7- RAW 264.7 phenotypes protein intensity and interaction with (PLGA)COOH, (PLGA-PEG and
(PLGA)PEG-HA NCs. The intensity of a) CD80, b) CD44, c) Arg-1 and CD206 on M@, M(LPS) and
M(C1498) RAW 264.7 macrophages were evaluated via flow cytometry using fluorescent-labelled
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f) (PLGA)PEG-HA NCs and RAW 264.7 macrophages at 4° C, 37° C and excess HA via flow
cytometry. g) Confocal microscopy of M(C1498) RAW 264.7 macrophages incubated with RhB-
loaded (PLGA)COOH and (PLGA)PEG-HA NCs for 2 h at 37 °C. Scale bar: 15 pm. h) Pearson’s
correlation value of RhB-loaded NCs and anti-CD44 labeled with PE-Cy7. The experiment was
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represented are mean + SD (n=4). *p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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Source: By the author

To evaluate whether the CD44 intensity levels affect NCs interaction with the
macrophages phenotypes, macrophages were exposed to RhB-loaded (PLGA)COOH (Fig. 7d),
(PLGA)PEG (Fig. 7e) and (PLGA)PEG-HA NCs (Fig. 7f) for 2 h at 4 and 37 °C (in medium



71

without HA or with excess of HA, 50 pg/ml,) and interaction was evaluated by flow cytometry.
At 4 °C, the active energy-mediated processes of the cells are paralyzed, thus energy-dependent
endocytosis is ceased. (PLGA)COOH NCs had a great interaction with all phenotypes at 37
°C, but without specifically targeting any of the phenotypes (Fig. 7d). Interaction was markedly
reduced at 4 °C, indicating that (PLGA)COOH NCs are highly internalized by the cells but do
not adhere to a great extent to cell surface. (PLGA)PEG NCs had little interaction with
macrophages at 37 and 4 °C (Fig. 7e). PEG provides a steric barrier to the surface of NCs by
reducing opsonization and preventing recognition of NCs by macrophages, thus preventing
NCs from being detected, phagocytosed and, destroyed.?®> Competition with free HA did not
affect the interaction between PLGA(COOH) or (PLGA)PEG NCs and any of the macrophages
phenotypes, suggesting CD44-independent endocytosis. However, (PLGA)PEG-HA NCs
interaction with M(C1498), was evidently reduced by competitive inhibition with free HA (Fig.
7f), suggesting receptor-mediated adhesion and endocytosis and, at 37 °C, (PLGA)PEG-HA
NCs associated fluorescence was higher in M(C1498) than in M@ and M(LPS) phenotypes
(Fig. 7f), which correlates with CD44 increased intensity in the pro-leukemia phenotype,
M(C1498). HA coated NCs have already been reported to target anti-inflammatory
macrophages associated to breast cancer and glioma.??223% At 4 °C, macrophages interaction
with (PLGA)PEG-HA NCs (Fig. 7f) was greater than with (PLGA)COOH (Fig. 7d) and
(PLGA)PEG NCs (Fig. 7e), suggesting that cell interaction with (PLGA)PEG-HA NCs occurs
mainly through adhesion. Considering the experiment at 37° C as 100 % of the NC-cell

interaction (adhesion and uptake), the in vitro cellular adhesion/interaction rate (A/1%) is

FLU4 ¢

calculated by the equation A/I% = x 100 (Supp Fig S7). (PLGA)PEG-HA NCs

U3z oc
adhesion corresponds to 76 + 9% (mean + SD, n=4) of NC-cell interaction with M(C1498),
while the adhesion of (PLGA)COOH and (PLGA)PEG NCs correspond to 20 + 11% and 47 +
9% of the NC-cell interaction with M(C1498), respectively. The greater adhesion/interaction
rate of (PLGA)PEG-HA NCs in C1498 macrophages agrees with the upregulation of CD44 in
M(C1498) phenotype. In accordance, CD44 expression by human THP-1 macrophages
correlates positively with adhesion of HA-based NCs.3! However, increasing levels of CD44
expression reduces the amount of internalized HA material, indicating that CD44 may capture
the HA-based NCs and prevent its interaction with other receptors that triggers uptake.*3! Thus,
the HA-coated NCs adhere to M(C1498) phenotype surface rather than be internalized by this

phenotypes due to increased CD44 expression.
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Confocal laser scanning microscopy images of M(C1498) macrophages incubated for 2
h with the NCs were obtained (Fig. 7g) and the co-localization of anti-CD44 and (PLGA)COOH
or (PLGA)PEG-HA NCs were assessed by calculating the Pearson’s correlation values (r) (Fig.
7h). (PLGA)PEG-HA NCs showed a strong positive correlation (r = 0.59 £ 0,06) with anti-
CD44, corroborating with the competitive inhibition with free HA results. Together, these
results provide evidence that (PLGA)PEG-HA NCs interact with the M(C1498) cells via CD44
receptor. It has already been reported that HA-based NCs uptake by human macrophages (THP-
1) is triggered by NC-CD44 interaction.'®! CD44 is also overexpressed in several cancer cells
and has been shown to mediate HA-conjugated NCs uptake in human lung carcinoma epithelial
cells (A549), human breast cancer cells (MDA-MB-231 and MCF7) and human glioblastoma
cells (A172, U251 and U87MG).>1237-238 HA-decorated NCs loaded with doxorubicin and
irinotecan were reported to effectively target CD44 expressed by cancer stem cells, reduce drug
efflux from cancer stem cells and reduced drug resistance by inhibiting the activity of
topoisomerases | and 11.*° (PLGA)COOH NCs presented mild correlation with anti-CD44 (r =
0.35 £ 0,02) justifying the NC-cell interaction non affected by competitive inhibition with free
HA (Fig. 7d).
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3.4.3 Leukemia associated anti-inflammatory macrophages effectively deliver HA decorated
NCs to AML cells
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Source: By the author
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M@, M(LPS) and M(C1498) macrophages were exposed to RhB-loaded
(PLGA)COOH, (PLGA)PEG and (PLGA)PEG-HA NCs for 2 h. The release of RhB from
(PLGA)PEG-HA NCs was slower in all phenotypes compared to the other NCs (Fig. 8a-c) and,
it did not reach 100% release after 48 h with M(LPS) (Fig. 8b) and M(C1498) (Fig. 8c)
macrophage phenotypes. For M(LPS) and M(C1498) phenotypes, interaction with HA-
modified NCs occurs mostly through adhesion (Fig. S7), which prevents the NCs from being
degraded by the lysosomes after endocytosis and release RhB. In addition, NCs enter the cells
through different endocytic pathways and not all the pathways lead to the lysosomes, for
example, some pathways end up recycling the cargo to the cell surface.'® CD44 enters cells via
a clathrin-independent pathway and avoids the degradative lysosomal pathway, 2*° however it
was not tested whether CD44 trafficking route can influence the fate of nanoparticles containing
HA. HA-liposome uptake positively correlates with CD44 receptor density and occurs via lipid
raft-mediated endocytosis, ending up at primarily endosomes and lysosomes of the human lung
carcinoma epithelial cell line A549 after 2 h treatment.?” Although, HA hydrogels
nanoparticles are shown to enter the A549 cells through CD44-mediated endocytosis and co-
located with endosomes and lysosomes after 2 h incubation, the HA hydrogel particles also
escape to the cytoplasm of A549 cells after 4 h of treatment.?* CD44-mediated uptake also led
to HA-conjugated liposome lysosomal evasion in GBM cells, while increasing lysosome co-

localization in astrocytes and microglia cells.>

To assess the macrophages’ ability to effectively deliver the NCs to C1498, we studied
the uptake of the (PLGA)COOH and (PLGA)PEG-HA NCs loaded with RhB in C1498 co-
culture with M@, M(LPS) and M(C1498) macrophages. The macrophages were exposed to the
NCs for 2 h, washed with PBS and C1498 cells were incubated with the NC-loaded
macrophages for 4 h. After co-culture, C1498 and M@, M(LPS), and M(C1498) interaction
with NCs were studied using flow cytometry. (PLGA)COOH NCs were similarly delivered to
C1498 by all macrophage phenotypes, consecution of its high uptake by all phenotypes and
C1498 cells. On the other hand, M(C1498) delivered a greater amount of (PLGA)PEG-HA NCs
to C1498 cells than M@ macrophages probably due to their greater adhesion on M(C1498)

surface.

To visualize the interaction of NC-loaded macrophages and leukemic cells, confocal
microscopy images of co-cultures of M(C1498) macrophages prior to load with (PLGA)PEG-
HA NCs and C1498 cells were obtained (Fig. 8g). Despite not having been exposed directly to
NCs, it is possible to observe that there are (PLGA)PEG-HA NCs interacting with C1498 cells,
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restating M(C1498) macrophages ability to delivery (PLGA)PEG-HA NCs to C1498 cells.
Also, cell-to-cell interaction of M(C1498) and C1498 cells shown in Fig. 8g suggests that
macrophages deliver the NCs to C1498 cells mainly by cell contact instead of releasing the NCs
on the medium. M1 RAW 264.7 macrophages delivery doxorubicin to human ovarian cancer
cell line SKOV3 through the cell-to-cell tunneling nanotube pathways, leading to ovarian
carcinoma cell death.*®® In AML, cell-to-cell interaction of macrophages and AML blasts
occurs, inducing macrophage polarization to a leukemia-supporting phenotype and activating

pro-survival pathways and inhibition of apoptosis in AML blasts.1%?

3.4.4 Macrophage-mediated delivery of (PLGA)PEG-HA NCs to AML cells is more effective
than the free NCs

To study the toxicity of the NCs in monocultures of M@, M(LPS), M(C1498) (Fig. S8)
and C1498 (Fig. 9a) cells were incubated with (PLGA)COOH and (PLGA)PEG-HA NCs
loaded with ATO at 37 °C for 24 h. ATO dosage was 1.2 pug ml. Incubation with (PLGA)PEG-
HA NCs reduced M(C1498) macrophages viability assessed by MTT (Fig. S8a) and increased
the amount of PI positive (PI7) cells (Fig. S8c), indicating that (PLGA)PEG-HA NCs induce
greater toxicity in M(C1498) than in M@ and M(LPS) phenotypes. This result correlates with
the in vitro cellular interaction studies that showed an increased NC-cell interaction of
(PLGA)PEG-HA NCs with this macrophage phenotype. However, despite the high uptake of
PLGA(COOH) NCs by all macrophage phenotypes (Fig. 7d), treatment with (PLGA)COOH
NCs did not reduce cellular viability assessed by MTT assays compared to (PLGA)PEG-HA
NCs (Fig. S8a). In monocultures of M(C1498), (PLGA)COOH NCs treatment also led to a
lower percentage of PI* cells than (PLGA)PEG-HA NCs (Fig. S8c). As indicated before (Fig.
7fand S7), (PLGA)PEG-HA NCs interact with M(C1498) phenotype mainly through adhesion,
while (PLGA)COOH NCs are mostly internalized (only 20 + 11% of adhesion), suggesting an
extracellular source of membrane damage that may be associated with the (PLGA)PEG-HA
NCs adhesion. In addition, other mechanisms of damage such oxidative stress may affect cell
viability even at low uptake levels, as reported for PLGA NCs prepared with 5 %(w/v) of
dextran as subtilizing agent that led to oxidative membrane damage and increase of early
apoptotic events although having reduced cell uptake.?** To assess the efficacy of the NCs in
co-culture, C1498 cells were co-incubated with NC-preloaded macrophages (2 h exposure) for
24 h. M(C1498) loaded with (PLGA)PEG-HA NCs significantly reduced C1498 viability and
increased the percentage of PI"™ cells compared with macrophages loaded with (PLGA)COOH



76

NCs (Fig 9a and d). Also, MTT assay indicates that M(C1498) phenotype loaded with
(PLGA)PEG-HA NCs was more effective against C1498 cells than M@ and M(LPS)
phenotypes exposed to the same formulation and initial concentration of NCs, explained by the
favored M(C1498)-mediated delivery of the NCs to C1498 cells (Fig. 8e) and enhanced
adhesion of (PLGA)PEG-HA NCs to M(C1498) surface (Fig S7). In addition, M(@) and
M(C1498) macrophages loaded with (PLGA)PEG-HA NCs were more toxic to C1498 cells
than (PLGA)COOH NC-loaded macrophages even though their delivery to C1498 is
comparable. Thus, although (PLGA)COOH NCs are also delivered to AML cells by the
macrophages, (PLGA)PEG-HA NCs target pro-leukemic macrophages and their therapeutic
efficacy against AML is improved when delivered by macrophages. M(LPS) phenotype was
more affected by the (PLGA)COOH NCs than by the NCs modified with HA in co-culture with
C1498 cells, presenting a larger population of PI* cells (Fig. 9e). Besides the greater interaction
of (PLGA)COOH NCs with M(LPS) (Fig. 7d), the adhesion of (PLGA)COOH NCS to M(LPS)
surface is quite reduced when compared with the adhesion of (PLGA)PEG-HA NCs (Fig. S7),
which may minimize the NCs effect on M(LPS) macrophages. One of the challenges of cell-
based drug delivery is to prevent the payloads from interacting with the carrier cell. NCs
adhered to the cell surface are promising solutions for this problem and were previously
reported to effectively deliver payloads to target sites. %13%-140143.242-51 Other aquthors have also
shown improvement in the anti-cancer effect of drugs delivered by macrophages to tumor

tissues 7,148,150

Advances in targeted drug delivery have brought new perspectives to leukemia
treatment. In 2019, FDA approved Vyxeos, a liposomal formulation of daunorubicin and
cytarabine, for the treatment of high-risk AML.?*® Despite recent advances, AML patient
survival remains dismally poor. Cell-based delivery systems may overcome some shortcomings
of nanoparticle carriers such as rapid clearance and immunogenicity while increasing
biodistribution and passing biological barriers by taking advantage of native cells’ properties.
Cell-based delivery systems have brought new perspectives to leukemia treatment. L-
asparaginase delivered by red blood cells (RBC) relapsed Acute Lymphoblastic Leukemia in
phase 1l trial**! and mesenchymal stromal cells (MSC) loaded with paclitaxel improved the
survival BDF1-mice-bearing L1210.14? The paclitaxel-loaded MSC were able to attract and kil
leukemic cells as well as inhibit angiogenesis.*? Also, C1498 cells treated with liquid nitrogen
to eliminate pathogenicity were used to deliver doxorubicin to the bone marrow of AML
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mice.}* AML cryo-shocked cell remains capable of home at the bone marrow by the
interaction of CD44 and CXCR4 receptors with endogenous HA. 144

Because of CD44 increased intensity, (PLGA)-PEG-HA NCs preferentially adhere to
the membrane of pro-leukemic macrophages. Also, (PLGA)-PEG-HA NCs loaded to
macrophages have their delivery to AML blasts tuned by cell-to-cell interaction, accumulating
into the leukemic cell and increasing cancer cell death. In addition, (PLGA)-PEG-HA NCs may
also reduce AML relapse by targeting AML- leukemic stem cells that express the CD44
receptor.!® Our results suggest that macrophage-based delivery of (PLGA)PEG-HA NCs
loaded with ATO are a promising platform to treat AML as they can improve targetability by
adhering to AML-related macrophages and reduce AML blasts viability in vitro.
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Figure 9 - Evaluation of cellular viability by MTT and PI assay for (PLGA)COOH and (PLGA)PEG-HA NCs.
Viability of a) C1498 cells monocultures assessed by MTT after incubation with (PLGA)COOH and
(PLGA)PEG-HA NCs for 24 h at 37 °C. b) Viability of C1498 cells after 24 h of co-culture with NC-
loaded macrophages assessed by MTT. Percentage of Pl-positive cells (P1* %) of c) C1498 cells
monocultures exposed to (PLGA)COOH and (PLGA)PEG-HA NCs for 24 h, d) C1498 cells after 24
h of co-culture with NC-loaded macrophages and €) NC-loaded RAW 264.7 macrophages after 24 h
of co-culture with C1498 cells. ATO dosage was the same for all experimental groups (1.2 pg/ml) and
all experiment were carried at 37 °C. Statistical analysis comparing phenotypes was performed using
ANOVA with Tukey’s post-hoc test and statistical analysis comparing the NCs was performed using

student t-test. Values represented are mean £ SD (n=4). * p-value < 0.05, # p-value < 0.05, ## p-value
< 0.01, ### p-value < 0.001.

Source: By the author
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35 Conclusion

(PLGA)PEG-HA NCs showed higher interaction with AML-related macrophages than with
non-induced or LPS-induced macrophage phenotypes. NC interaction with pro-leukemic
phenotype was markedly reduced by competitive inhibition with free HA, corroborating with
CD44 increased intensity in the phenotype suggesting a receptor-mediated interaction. In
addition, (PLGA)PEG-HA NCs interact with macrophages mostly through adhesion to the cell
surface, preventing NCs degradation by lysosomes after endocytosis.

To assess the pro-leukemic macrophages’ (M(C1498)) ability to effectively deliver the NCs
to AML blasts, we studied the uptake of (PLGA)COOH and (PLGA)PEG-HA NCs by C1498
co-cultured with M@, M(LPS) and M(C1498) macrophages pre-exposed to the NCs. All
macrophage polarizations similarly delivered (PLGA)COOH NCs to C1498 due to its high
uptake by all macrophage phenotypes and C1498 cells. However, the enhanced uptake
hampered (PLGA)COOH NCs macrophage delivery to C1498 cells, reducing its therapeutic
efficacy. (PLGA)PEG-HA NCs showed higher adhesion carried by macrophages and boosted
(PLGA)PEG-HA NCs delivery to C1498 cells. M(C1498) macrophages were the most efficient
(PLGA)PEG-HA NCs carriers, due to elevated CD44 expression by the phenotype and
consequent HA-decorated NCs greater adhesion to the cell surface. This behavior reflected in
therapeutic efficacy as pro-leukemic macrophages carrying (PLGA)PEG-HA NCs loaded with
ATO led to a higher cell death for AML cells, here represented by C1498 cells, than the other
macrophage phenotypes were capable to trigger as carriers. The results provide early evidence
that macrophage-based delivery of (PLGA)PEG-HA NCs loaded with ATO is a promising
strategy to treat AML by specifically targeting and adhering to AML-associated macrophages,

as well as effectively reducing AML blasts viability.
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4 Overall Conclusions

Polymeric nanocarriers (NCs) are promising vehicles to delivery therapeutics to cancer.
However, an in-depth investigation of the NCs’ interaction with biological systems is pivotal
to ensure the safety of the NCs as well as to guide the improvements of its targetability and
effect against cancer cells. Polysaccharides have been applied in nanomedicine as stabilizing
and coating agents to increase systemic circulation times, promote bioadhesive or actively
target cancer cells by receptor-mediated endocytosis. In this dissertation we investigate how
does polysaccharides affect the interactions between nanomaterials and cancer cells, as well as

cancer-associated cells.

In Chapter 1 we showed that control over the amount of Dex added as stabilizing agent to the
formulation of DOX-loaded PLGA NCs NCs impacts their interaction with non-phagocytic
cells due to the decrease of protein adsorption (protein corona formation) with the increase of
dextran amount. NCs prepared with 5 %(w/v) of Dex induced greater oxidative membrane
damage and increase of early apoptotic events in myocardial and breast adenocarcinoma cells.
Since irreversible cardiomyopathy and heart failure are mainly induced by oxidative stress, NCs
prepared with 5 %(w/v) of Dex may contribute more to the long-term adverse effects than

formulations with lower Dex concentrations or without Dex.

In Chapter 2 we reported that AML-related macrophages can effectively deliver PLGA NCs
decorated with HA to AML cells via CD44-targeting. (PLGA)-PEG-HA NCs adhered to the
membrane of pro-leukemic macrophages through CD44-mediated interaction and were
delivered to AML blasts by cell-to-cell interaction, accumulating into the leukemic cell. This
behavior reflected in therapeutic efficacy as pro-leukemic macrophages carrying HA-decorated
NCs loaded with ATO led to a higher cell death for AML cells. The results provide early
evidence that macrophage-based delivery of (PLGA)PEG-HA NCs loaded with ATO is a
promising strategy to treat AML.
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APPENDICES

Appendix A - Supporting Information: the amount of Dextran in PLGA nanocarriers

modulates protein corona and promotes cell membrane damage

Characterization of the PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs by Fourier

transform infrared spectroscopy (FTIR)

Dex5/PLGA-DOX NCs

— Dex1/PLGA-DOX NCs

—PLGA-DOX NCs

Transmitance (%)

4000 3500 3000 2500 2000 1500 1000 500
_1)

Wavenunber (cm

Figure S1- Infrared spectra of PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs obtained by FTIR.
Samples were prepared by drop-casting 20 ul of the samples diluted in deionized water in silicon
wafers and dried under reduced atmosphere. The spectrum was collected using an Infrared
spectrometer Nicolet 6700/GRAMS Suite, with 128 scans per sample with 4 cm™ resolution from
4000 to 400 cm™,

Source: By the author

Infrared spectra of the NCs were obtained by Fourier transform infrared spectroscopy
(FTIR). In all spectra there are a band at 1750 cm™ and less intense bands between 1050 and
1300 cm™ that confirm the formation of ester bonds (O-C-O). The strong band at 2850 cm™
corresponds to alkane aldehyde stretching, which is present in the chemical structure of PLGA.
The 3410 cm™ band presented in the FTIR spectrum of the NCs corresponds to the stretching
vibration of O-H bonds.
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DOX calibration curve
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Figure S 2 - Calibration curve of DOX in ddH20 (ex: 480 nm; ems: 590 nm). The linear regression equation was
used to calculate the amount of DOX released from the NCs in the cumulative release studies.

Source: By the author

The calibration curve of DOX in Fig. S2 was employed to determine the concentration of DOX
in the samples collect for the characterization of the drug released from the nanocarriers, where
Y is fluorescence and x the concentration of DOX in ug ml™2.

Cell viability after 24 h of incubation with the NCs
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Figure S 3 - Evaluation of cellular viability by MTT assay for nanocarriers prepared in the presence and absence
of dextran 40. Viability of a) MCF-7, b) HI9C2 and ¢) RAW 264.7 incubated for 24 h at 37 °C with
PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs. Statistical analysis was performed using
ANOVA with Tukey’s post-hoc test. Values represented are mean+SD (n=4).

Source: By the author

NCs prepared with and without dextran equally affect cell viability of the three cell lines
after 24 h of incubation in all DOX concentrations tested. For RAW 264.7 cells, it is possible
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to observe a dose-dependence response, which is in accordance with DOX mechanism of

toxicity in this cell line.}?

Gate strategy for in vitro cellular uptake studies
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Figure S 4 - In vitro cellular uptake of PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs by flow cytometry analysis.

Gating strategy for a) MCF-7, b) HIC2 and c) RAW264.7. Representative histograms of flow cytometry of d)
MCF-7 and e) HIC2 incubated for 4 h at 37 °C with DOX, PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA
NCs and f) RAW 264.7 incubated for 2 h at 37 °C with DOX, PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA
NCs. Excitation was measured using FL2 (590/30) and data analysis were performed using FlowJo v10 Software.

Source: By the author

NCs uptake by RAW 264.7 after 4 h of incubation and inhibition studies
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Figure S 5 - In vitro cellular uptake of PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA NCs by flow cytometry analysis.

Comparison of cell fluorescence of a) RAW 264.7 incubated for 4 h at 37 °C with DOX, PLGA-DOX,
Dex1/PLGA-DOX and Dex5/PLGA NCs. Inhibition studies to evaluate the mechanism involved in the uptake of
b) PLGA-DOX and c) Dex5/PLGA NCs by MCF-7. The cells were incubated for 30 minutes with amiloride,
nystatin, nocodazole, hydroxi-dynasore, cadaverine, heparin, dextran and dextran sulfate (100 pg ml, 40 ug ml-
1,10 pg ml2, 100 pumol 1%, 100 pmol I, 10 units mI, 2 mg mlI-* and 5 pug mi?, respectively) prior exposure to
the NCs. DOX dosage was 12.5 pug ml for all analysis. Statistical analysis was performed using ANOVA with
Tukey’s post hoc test. Values represented are mean + SD (n=3/4).
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Source: By the author

Gate strategy for in vitro annexin V binding assay
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Figure S 6 - In vitro evaluation of cellular viability by annexin V binding assay. Gating strategy for a) live cells
control and cells incubated for 24 h at 37 °C with b) Dex5/PLGA NCs, c¢) Dex1/PLGA-DOX, d)
PLGA-DOX and e) DOX. Excitation was measured using FL1 (530/30) and data analysis were
performed using FlowJo v10 Software.
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Source: By the author

Raw image of SDS-PAGE gel of the proteins recovered from protein corona

-l a8

Figure S 7 - Raw image for SDS-PAGE gel image in Fig. 2h of the proteins recovered from protein corona formed
on PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX NCs.

Source: By the author

NMR spectrum of PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX NCs
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Figure S8 - NMR spectra of PLGA-DOX, Dex1/PLGA-DOX and Dex5/PLGA-DOX NCs The 'H-NMR spectra
of PLGA-DOX, Dex1/LGA-DOX and Dex5/PLGA-DOX NCs show peaks at 6 1.20 ppm, assigned
to the methyl groups of lactic acid monomers, and 6 4.88 ppm, corresponding to CH of (1—6)-a-D-
glucose monomers of dextran molecule. The molar ration of (1—6)-a-D-glucose monomers and

PLGA-DOX NCs
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PLA monomers calculated by equation 1 was 8,2 and 1,7 % for Dex5/PLGA-DOX and PLGA-DOX
NCs, respectively.
Source: By the author
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Appendix B - Supporting Information: pro-leukemic macrophage-based delivery of

nanotherapeutics to acute myeloid leukemia

Characterization of the PLGA-PEG-NH: copolymer
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Figure S1 - a) 1H-NMR spectra (400 MHz) of PLGA and PLGA-PEG-NH2 collected using an Agilent nuclear
magnetic resonance spectrometer Technologies, model 400/54 premium shielded. The samples were
prepared by adding 15 mg of copolymer in 750 ul deuterated chloroform, CDCI3. a) FTIR spectra of
PLGA, diamino-PEG and PLGA-PEG-NH2. Samples were prepared by drop-casting 20 pl of the
samples diluted in deionized water in silicon wafers and dried under reduced atmosphere. The
spectrum was collected using an Infrared spectrometer Nicolet 6700/GRAMS Suite, with 128 scans
per sample with 4 cm™* resolution from 4000 to 400 cm™.

Source: By the author

The *H-NMR spectra of PLGA and PLGA-PEG-NH: copolymers show peaks between 6 1.20

— 1.60 ppm assigned to the methyl groups of lactic acid monomers. The multiplets between &

5.10 —5.30 and & 4.75 — 4.85 ppm correspond to CH groups of lactic acid monomers and CH:

groups of glycolic acid monomers, respectively. In the spectrum of the PLGA-PEG-NH:

copolymer there is a peak at 6 3.66 ppm corresponding to the —O-CH>-CH.- group of PEG. The

FTIR spectra of PLGA and PLGA-PEG-NH: copolymers show a band at 1758 cm™

corresponding to C=0 stretch, present in PLGA monomers. The spectra of PEG bis(amino) and

PLGA-PEG-NH®: it is possible to observe bands at 2884 cm—1 and 1279 cm-1 that correspond,

respectively, to NHs* and to C-N stretching. Together, FTIR and *H-NMR spectra confirm

PLGA-PEG-NH: copolymer synthesis.

The synthesis yield was calculated through the ratio between the real yield and the theoretical

yield and the value obtained was 67 = 21% (mean + standard deviation of 3 syntheses).
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Characterization of the NCs loaded with rhodamine B

Table 1 - Characterization of rhodamine B-loaded (PLGA)COOH, (PLGA)PEG, and (PLGA)PEG-HA
nanocarriers. NTA size (diameter), Z-average (Pdl), {-potential and particle yield (number of NCs per
ml). Statistical analysis was performed using ANOVA with Tukey’s post hoc test. Values represented
are mean + SD of independent syntheses (n=3).
NTAsize  Z-average (nm) Zeta potencial Particle yeld
(nm) (mV) (1012
(Pd1) NCs/ml)
(PLGA)COCH 156 £ 51 144 £ 55 295 124+1.2
NCs
(0.06)
(PLGA)PEG-NH2 128 £ 48 230 £ 35 231 13.5+0.8
(0.12)
(PLGA)PEG NCs 165 + 52 250+ 34 -34£2 11.6+1.9
(0.10)
(PLGA)PEG-HA 171+ 47 253 £ 37 -34.0+0.3 1.14 +0.09
NCs
(0.14)
Source: By the author
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Characterization of the (PLGA)PEG, (PLGA)COOH, (PLGA)PEG, (PLGA)PEG-HA NCs loaded
with RhB. a) NTA size distribution of (PLGA)PEG-NH: NCs, (PLGA)COOH NCs, (PLGA)PEG
NCs and (PLGA)PEG-HA NCs. b) Fluorescence spectrum of (PLGA)PEG-NH:, (PLGA)COOH,
(PLGA)PEG, (PLGA)PEG-HA NCs loaded with rhodamine B (excitation: 488 nm). C) Infrared
spectra of (PLGA)PEG-NH., (PLGA)COOH, (PLGA)PEG, (PLGA)PEG-HA NCs obtained by
FTIR. Samples were prepared by drop-casting 20 pl of the samples diluted in deionized water in
silicon wafers and dried under reduced atmosphere. The spectrum was collected using an Infrared
spectrometer Nicolet 6700/GRAMS Suite, with 128 scans per sample with 4 cm™* resolution from
4000 to 400 cm™™.,

Source: By the author
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Also, the mass of HA bounded to the surface of the (PLGA)PEG-AH NCs loaded with
rhodamine B was determined by the CTAB turbidimetric method, which indicated 2.3 £ 0.6 mg
(mean £ SD, n=3) of HA conjugated to the surface of NCs, conjugation efficiency equal to 46
+ 13 %.

Characterization of the (PLGA)PEG-NH: NCs loaded with arsenic trioxide

Table 2 - Characterization of ATO-loaded (PLGA)PEG-NH: NCs nanocarriers. NTA size (diameter), Z-average
(PdI), ¢-potential and particle yield (number of NCs per ml), and ATO concentration of the NCs.

NTA Z-average Zeta Concentration EE (%)
size (nm) (nm) potencial (1022 NCs/ml)
(D90) (Pd1) (mV)
(PLGA)PEG-NH: 20070 169 £ 21 3.6+13 75+3.3 29+0,3
NCs (252 + (0.12)
57)

Source: By the author
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Figure S3 - NTA size distribution of (PLGA)PEG-NH: NCs loaded with arsenic trioxide.

Source: By the author
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1H-NMR of the NCs loaded with ATO
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Figure S4-  1H-NMR spectra (400 MHz) of (PLGA)PEG-HA, (PLGA)PEG and (PLGA)COOH NCs collected using an
Agilent nuclear magnetic resonance spectrometer Technologies, model 400/54 premium shielded. The samples
were prepared by adding 5 mg of freeze dried NCs in 750 pl deuterated water, D2O.

Source: By the author

The *H-NMR spectra of (PLGA)-PEG-HA, (PLGA)PEG and (PLGA)COOH NCs show peaks
between & 1.20 — 1.40 ppm assigned to the methyl groups of lactic acid monomers. In the
spectrum of (PLGA)-PEG-HA and (PLGA)PEG NCs there is a peak at & 3.66 ppm
corresponding to the —O-CH.-CH-- group of PEG and as amide peak between 6 4.0 — 4.2 ppm
that confirms the conjugation of hyaluronic acid or polyethylene glycol carboxylic acid

terminated to (PLGA)PEH-NH: NCs.
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HA calibration curve obtained using the CTAB turbidimetric method
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Figure S5 - Calibration curve of HA (0.005 — 1 pg ml™) in ddH-O obtained using the turbidimetric method of
hexadecyltrimethylammonium bromide (CTAB). The linear regression equation was used to calculate
the amount of HA on the surface of the NCs.

Source: By the author

The calibration curve of HA in Fig. S5 was employed to determine the mass of
conjugated HA on the surface of the NCs, where Y is absorbance and x the concentration of
HA in pg mlt. The mass of HA conjugated to the surface of the NCs was estimated by
subtracting the amount present in the supernatant from the initial amount of HA used in the

conjugation reaction.
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Uptake and adhesion kinetics of nanocarriers loaded with rhodamine B
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Figure S6 - In vitro cellular uptake and adhesion kinetics studies of (PLGA)COOH, e) (PLGA)PEG and f)
(PLGA)PEG-HA NCs by RAW 264.7 macrophages and C1498 cells via flow cytometry. Cell
fluorescence of a) M@, b) M(LPS) and c) M(C1498) RAW 264.7 macrophages and d) C1498 cells
exposed for 2h to (PLGA)COOH, (PLGA)PEG and (PLGA)PEG-HA NCs. Values represented are
mean = SD (n=4). *p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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Figure S7 - In vitro cellular adhesion/interaction rate of (PLGA)COOH, e) (PLGA)PEG and f) (PLGA)PEG-HA NCs by
RAW 264.7 macrophages and C1498 cells. Percentage was calculated by A/1% = %x 100 equation.

Fluzzec
Values represented are mean + SD (n=4). *p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
Source: By the author

Viability of RAW 264.7 macrophages after exposure to ATO-loaded NCs
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Figure S8 - Evaluation of cellular viability by MTT and PI assay for (PLGA)COOH and (PLGA)PEG-HA NCs.
Viability of a) RAW 264.7 macrophages cells monocultures assessed by MTT after incubation with
(PLGA)COOH and (PLGA)PEG-HA NCs for 24 h at 37 °C. b) Viability of NC-loaded RAW 264.7
macrophages after 24 h of co-culture with C1498 cells assessed by MTT. Percentage of Pl-positive
cells (PI" %) of ¢) RAW 264.7 macrophages monocultures exposed to (PLGA)COOH and
(PLGA)PEG-HA NCs for 24 h at 37 °C. ATO dosage was the same for all experimental groups (1.2
pg/ml). Statistical analysis comparing between phenotypes was performed using ANOVA with
Tukey’s post-hoc test and statistical analysis comparing between the NCs was performed using student
t-test. Values represented are mean + SD (n=4). * p-value < 0.05, # p-value < 0.05, ## p-value < 0.01,

### p-value < 0.001,
Source: By the author
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Figure S9 - Gating strategy for a) M@, b) M(LPS) and ¢) M(C1498) macrophages co-cultured with C1498 cells
stained with CellTracker™ Green. Excitation was measured using FL1 (530/30) and data analysis
were performed using FlowJo v10 Software.

Source: By the author
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Gate strategy for in vitro Pl assay
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Figure S10 - In vitro evaluation of cellular viability by Pl assay. Gating strategy for dead cells control. Excitation

Source: By the author

was measured using FL3 (630/30) and data analysis were performed using FlowJo v10 Software.



