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RESUMO

LEAO, M. C. Acido graxo docosahexaenoico nanoencapsulado com anti-PECAM-1 como uma
estratégia para aumentar a estabilidade de placas aterosclerdticas. 2022. 97f. Tese

(Doutorado) — Faculdade de Ciéncias Farmacéuticas, Universidade de Sao Paulo, Sao Paulo, 2022.

As doengas cardiovasculares (DCVs) sao a principal causa de mortalidade no mundo, sendo os
eventos isquémicos responsaveis por 85% das mortes. A aterosclerose € uma inflamacao crénica
das artérias associada aos eventos isquémicos das DCVs, na qual o sistema imunoldgico inato e
adaptativo estdo envolvidos desde a formacéao inicial das estrias gordurosas até a ruptura das
placas aterosclerdticas. Pesquisas recentes direcionadas a reducdo da inflamacéo sistémica tém
mostrado resultados controversos, pois essa abordagem pode aumentar a susceptibilidade do
paciente a infeccGes. Nesse sentido, novas estratégias direcionadas ao tecido lesionado séo
necessarias. No que se refere a medicamentos anti-inflamatérios ou suplementos alimentares, o
acido docosaexaendico (DHA) tem sido relatado como um precursor natural de oxilipinas pro-
resolutivas. Baseado nesse contexto, o objetivo deste estudo foi desenvolver nanocapsulas
contendo 6leo de alga como fonte de DHA e vetorizar essas nanoparticulas com o anticorpo anti-
PECAM-1 em sua superficie, visando direciona-las ao endotélio inflamado. Inicialmente, a
nanocapsula multiparede metal-complexa funcionalizada contendo 6leo de alga em seu nucleo
(MLNC-DHA-al) foi desenvolvida, apresentando um diametro médio de 163 * 5 nm, formato
esférico, onde a eficiéncia de conjugacdo do anti-PECAM-1 (200 pg/mL) foi de 94,80% sem
toxicidade significativa em HUVECSs nas concentracdes de 1.14 a 2.9 x 10 nanocapsulas/mL. As
nanocépsulas apresentaram uma estabilidade de 2h, o que representa tempo suficiente para a sua
aplicagéo clinica. A seguir, ensaios de viabilidade celular foram realizados em outras linhagens de
células para avaliar a toxicidade das nanocapsulas. As concentragcfes de 0.14 a 1.40 x 10! de
nanocapsulas/mL ndo afetaram significativamente a viabilidade celular de macréfagos murinos
imortalizados (RAW 264.7) e U-937 apés 24, 48 e 72 h de tratamento. Por fim, os macréfagos (RAW
264.7) foram incubados com 0.75 x 10 MLNC-DHA-al/mL durante 4 h e apresentam uma captacao
significativa das nanocapsulas, observada por microscopia hiperespectral de campo escuro
(CytoViva®). Uma vez captadas pelos macr6fagos murinos imortalizados (RAW 264.7), as
nanoformulac6es MLNC-DHA-al promoveram um forte aumento da polarizacao do fenétipo M2 em
comparacao com as células controle ndo tratadas. Nossos resultados sugerem que o 6leo de alga
rico em DHA presente no nucleo lipidico das nanocapsulas, nao reduziu a viabilidade celular e
estimulou uma maior polarizacdo de macréfagos para o tipo M2, sendo assim uma terapia potencial

para controlar a inflamacao crbnica e cicatrizar ou estabilizar placas ateroscleroticas.

Palavras-chave: Aterosclerose, nanocapsulas, &cido docosahexaenoico, polarizagdo, inflamacao.



ABSTRACT

LEAO, M. C. Docosahexaenoic fatty acid nanoencapsulated with Anti-PECAM-1 as strategy to
increase atherosclerotic plaque stability. 2022. 97f. Thesis (PhD) — Faculty of Pharmaceutical

Sciences, University of Sdo Paulo, Sdo Paulo, 2022.

Cardiovascular diseases (CVDs) are the main cause of mortality worldwide, being the ischemic heart
disease responsible for 85% of deaths. Atherosclerosis is a chronic inflammation of the arteries that
underlies ischemic forms of CVD and involves the innate and adaptive immune systems, from initial
fatty streak formation to atherosclerotic plaque ruptures, which defines the beginning and end stages
of disease, respectively. Recent research on the reduction of systemic inflammation in order to treat
CVD is controversial, since results show that this reduced inflammation can also increase patient
susceptibility to general infection. Therefore, new tissue-targeting strategies are necessary.
Docosahexaenoic fatty acid (DHA) is a natural bioactive precursor of pro-resolving oxylipins that can
reduce inflammation. Based on these factors, the objective of this study was to develop a
nanocapsule containing algae oil as a DHA source and apply anti-PECAM-1 on its surface to drive
it to the inflamed endothelium. Initially, a surface-functionalized metal-complex multi-wall
nanocapsule containing algae oil in its nucleus (MLNC-DHA-al) was developed. This nanocapsules
presented a mean diameter of 163 £ 5 nm, was spherical in shape, showed 94.80% conjugation
efficiency using 200 ug/mL of anti-PECAM-1 on the surface, and did not show significant toxicity
toward HUVECs at concentrations from 0.14 to 2.90x10%! nanocapsules/mL. The nanocapsules
were also stable for 2 h, sufficient time to allow for clinical applications. In cell viability assays,
concentrations of 0.14 to 1.40x10%! nanocapsules/mL did not significantly affect the viability of
immortalized murine macrophages (RAW 264.7) and U-937 cells after 24, 48, and 72 h of treatment.
Finally, macrophages were incubated with 0.75x10'* MLNC-DHA-al nanocapsules/mL for 4 h and
showed a significant uptake, observed using dark-field hyperspectral microscopy (CytoViva®). Once
inside murine macrophages (RAW 264.7), MLNC-DHA-al nanocapsules promoted a strong
increase in M2 phenotype polarization compared to non-treated control cells. Our results suggest
that DHA-enriched algae oil, as part of a lipid core nanocapsules, does not reduce cell viability and
improves macrophage phenotype, making it a promising potential therapy for controlling chronic

inflammation and healing or stabilizing atherosclerotic plagues.

Key words: atherosclerosis, nanocapsules, docosaheanoic acid, polarization, inflammation



ABBREVIATIONS

apoB-LP, apolipoprotein B; ARA, arachidonic fatty acid; CAM, cell adhesion molecules;
COX, cyclooxygenases; CRP, c-reactive protein; CT, computed chromatography; CVDs,
cardiovascular diseases; CYTP450, cytochrome P 450; DAMPs, Damage-associated
molecular pattern; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FDA, Food
and Drug Administration; GPR120, G protein coupled receptor; HUVEC, Human umbilical
vein endothelial cells; ICAM-1, Intracellular Adhesion Molecule-1; IL, interleukins; LDL, low-
density lipoprotein; LDLr(") , Knockout for LDL receptor; LNC, lipid core nanocapsule; LOX,
lipoxygenases; LPS, lipopolysaccharide; LTB4, leukotriene B4; MCP-1, monocyte
chemoattractant protein-1; MCT, medium-chain triglyceride; MLNC, multi-wall lipid core
nanocapsules; MLNC-DHA-al, surface-functionalized metal-complex  multi-wall
nanocapsules containing algae oil; N3FA, omega 3 fatty acids; NF-kB, Nuclear factor kappa-
light-chain-enhancer of activated B cells; OxLDL, oxidized low-density lipoprotein; PAMPS,
pathogens-associated molecular patterns; PCL, poli(E-caprolactone); PECAM-1 or CD31,
Platelet endothelial cell adhesion molecule; PGE2, prostaglandin E2; PMNSs,
polymorphonuclear neutrophils; PPARYy, transcriptor factor Peroxisome proliferator-
activated receptor y; RAW 264.7, murine immortalized macrophages; ROS, reactive oxygen
species; SMC, smooth muscle cells; SPMs, specialized pro-resolving mediators; TG,

triglyceride; TNF, Tumor Necrosis Factor; VCAM-1, Vascular Cell adhesion Molecule-1.
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1. INTRODUCTION

Cardiovascular diseases (CVDs), manifested mainly as coronary heart disease,
angina, acute myocardial infarction and stroke, are the world's leading cause of death, and
atherosclerosis is the main process involved in etiology of these conditions (REN et al.,
2021). According to Benjamin et al. (2019), 121.5 million people have been diagnosed with
CVDs worldwide, and, according to WHO (2021), more than 17 million people die annually
from these diseases.

Atherosclerosis is an inflammatory condition involved in CVD initiation and
progression. Among the risk factors for its development, the most well-known are age, sex,
obesity, smoking, sedentary lifestyle, hypertension, diabetes mellitus, high plasma
cholesterol concentrations and oxidative stress (MIGLIACCIO et al., 2021). In addition,
because atherosclerosis has been recognized as an inflammatory disease, inflammatory
biomarkers have also been considered as predictors of cardiovascular risk, especially C-
reactive protein (CRP) and cytokines such as interleukins (IL) and Tumor Necrosis Factor
(TNF-a) (LIBBY, 2021). However, previous and current pharmacological strategies applied
to reduce inflammation in cardiovascular contexts have increased the susceptibility of
patients to infections due to their non-targeted systemic approach (ADAY & RIDKER, 2018).

Diet also plays a fundamental role in the development of CVDs, especially the
consumption of fat, cholesterol, and compounds that can exert anti- or pro-inflammatory
effects. Therefore, there is great interest in bioactive compounds that could contribute to
atherosclerotic risk reduction. Among these, numerous health claims for omega 3 fatty acids
(n3FA), specifically eicosapentaenoic and docosahexaenoic acids (EPA and DHA), have
been reviewed and approved by the Food and Drug Administration (FDA, 2003). Several
studies have demonstrated that consumption or supplementation with n3FA can reduce pro-

inflammatory molecules, including IL-6, Intracellular Adhesion Molecule-1 (ICAM-1),
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Vascular Cell adhesion Molecule-1 (VCAM-1), and CRP, as well as increase in anti-
inflammatory molecules, such as adiponectin and IL-10 (GROSSO et al., 2022; THOTA et
al., 2018; CALDER, 2012). The mechanisms by which n3-FA decreases inflammation are
mainly through their association with cell surface G-protein coupled receptor 120, activation
of transcriptor factor Peroxisome proliferator-activated receptor y (PPARYy) that suppress
Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), reducing the NLRP3
inflammasome, promoting the synthesis of less inflammatory 3 and 5-series eicosanoids
and by acting as a substrate to synthesize specialized pro-resolving mediators (SPMs)
(GROSSO et al., 2022). In addition, n3FA decrease plasma triglyceride (TG) levels through
the reduction of liver enzymes, which are responsible for synthesizing TGs and acting as
agonists of transcription factors, such as PPAR-a, that increase fatty acid oxidation
(DJURICIC & CALDER, 2021; SHEMESH & ZAFRIR, 2019; SHIBABAW, 2021).

Chronic inflammation associated with atherosclerosis is a consequence of innate and
adaptative immune system activation, which occurs at beginning of endothelial injury and
remains until plaque rupture (ROY et al., 2022). Among the immune cells, macrophages are
reported to play an essential role in atherosclerosis progression (MOORE et al., 2013).
Some studies have shown that a higher proportion of M1 phenotype macrophages
compared to M2 phenotype ones is associated with more vulnerable plaques, thus more
likely to rupture. In addition, previous studies have found that n3FA, particularly DHA, can
promote a switch from M1 to M2 macrophages (KAWANO et al., 2019; CHANG et al., 2015).

Thus, it was hypothesized that it is possible to develop novel and targeted strategy,
such as a surface-functionalized metal-complex multi-wall nanocapsules containing algae
oil (MLNC-DHA-al) as a DHA source. Applying anti-PECAM-1 to the nanocapsules can
direct them to the inflamed endothelium since PECAM-1 increases the permeability between
endothelial cells during the atherosclerotic process. Once they arrive at the target tissue,

the nanocapsules would be recognized and phagocyted by immune cells as Damage-
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associated molecular pattern (DAMPS). Finally, once inside the immune cell phagosomes
and lysosomes, the nanocapsules would deliver DHA to be used as a substrate for the
synthesis of oxylipins, which have the ability to switch the macrophage phenotype from M1
to M2. Thus, this nanocapsule could, potentially contribute to the healing or stabilization of

atherosclerotic plaques.

2. REVIEW OF LITERATURE

2.1. Atherosclerosis: genesis and progression

Atherosclerosis is a public health problem of great relevance, and its associated
complications, such as acute myocardial infarction, stroke and peripheral arterial disease,
are the main causes of morbidity and mortality worldwide (XIA et al., 2017). Atherosclerosis
presents a slowly progressive development that affects the intimate layer of the arteries,
being recognized as a chronic inflammatory and metabolic process, characterized by the
formation of plaques containing a cholesterol-rich nucleus, surrounded by a fibrous material
(KRISHNAN-SIVADOSS et al., 2021).

The atherosclerosis pathogenesis may be divided into three phases: initiation,
progression and complications (LIBBY, 2021). The process can be initiated mainly in arterial
regions with altered blood flow. The blood flow disturbance leads to pro-inflammatory
activation of endothelial cells, which alters the integrity of the endothelial barrier, produces
reactive species and facilitates the infiltration of molecules (CHISTIAKOV et al., 2017).
According to Libby et al. (2019), the low-density lipoprotein (LDL) excess is one of the main
factors involved in atherosclerotic disease. Inside the intima, LDL can be oxidized forming
oxidized LDL (oxLDL), the main determinant of disease initiation and progression (TURPIN
et al., 2021). The presence of oxLDL stimulates the innate and adaptive immune response

(LIBBY; RIDKER & HANSSON, 2009). The stimulus of the innate response promotes the
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recruitment of monocytes and other leukocytes, which bind to endothelial cells, and infiltrate

into the intimate layer of the vascular wall (Figure 1).

e i e e R
1 - [N 0 -M-o;;c;'t-e ;c?h-es-k;n N * Foam cell and fatty streaks
' by
------ N/ LDL oxidation vl and transmigration and plague formation..
Endothelial | 1" . e

i circulating
monocytes

Blood

1
activated i
endoth ellun: :

l

! inju native
| injury do

|

I

\

I

. 1

¢ ’apoproticEC :
,f_ o ;
o € A :
s 1

! y 1

e :

1

!

PPs (MDA, 4HNE,..) adducts
on ECM- and ce Is

Intima

Internal
elastica lamina

I

I

I mildly !

I oxiDL “--..,-,3
L

1
I
5 \ ' extensively ox I SMC and myofiprobla
= s._)____LPPs(MDa; 4HNE Jadducts) | migration and pioliferation
v
I - o
: T

SMC migration, proliferation
ECM remodeling

Figure 1: Stages of atherosclerosis development. 1. Damage to endothelial tissue altering
membrane permeability; 2. Production of reactive oxygen species (ROS) due to the endothelial
injury, infiltration and oxidation of LDL molecules; 3. Infiltration of monocytes attracted by
chemokines; 4. oxLDL molecules are phagocytosed by macrophages leading to foam cell formation;
5. Migration and proliferation of smooth muscle cells (SMC) with the formation of the fibrous layer

around the atherosclerotic lesion. Adapted from Salvayre & Camaré (2016).

Monocytes differentiate in macrophages, phagocyte oxLDL molecules and generate
foam cells. These foam and endothelial cells, release a variety of pro-inflammatory
cytokines, chemokines, adhesion molecules, such as Inteleukin-1 (IL-1), Inteleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1) ,Tumor necrosis factor-alpha (TNF-a),

Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1) and intercellular adhesion
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molecule- 1( ICAM-1) that promote the recruitment of additional monocytes, which in turn,
increases macrophage proliferation, contributing to the spread and expansion of the
atherosclerotic lesion (KARUNAKARAN & RAYNER, 2016). In view of this persistent
inflammatory stimulus and other cytotoxic factors, several injured cells become apoptotic.
At the beginning of the atherosclerotic lesion, apoptotic cells are efficiently phagocytosed by
neighboring macrophages to limit the overall lesion, in a process known as efferocytosis
(YURDAGUL, 2018). However, according to the plaques progress, efferocytosis begins to
be deficient, resulting in the accumulation of secondary necrotic cells and the formation of a
potentially inflammatory necrotic nucleus (OTSUKA et al., 2015). The presence of large
necrotic nuclei is a marker of advanced atherosclerotic disease and has been associated
with heart attack and stroke (YURDAGUL et al., 2018).

In addition, the secretion of growth factors stimulates the migration of SMC from the
middle layer to the intima, where they secrete extracellular matrix, leading to the formation
of fibrous layer around the atherosclerotic plaque (SALVAYRE & CAMARE, 2016).
Therefore, abnormalities of blood flow and excess circulating lipids generate stress on the
vessel wall and trigger an inflammatory cascade, which results in a vicious cycle in the

progression of the atherosclerotic plaque (LI et al., 2022).

2.2. Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1) and atherosclerosis

During abnormal events, such as atherosclerosis, several Cell Adhesion Molecules
(CAM) are expressed on the surface of endothelial cells (BAKER et al., 2018). Such
molecules are essential for the progression of atherosclerotic plaque, as they promote the
recruitment and infiltration of immune system cells, contributing to the development of the
lesion (PATEL et al., 2020). The main adhesion molecules involved in this process are
selectins, integrins, VCAM-1, ICAM-1, junctional adhesion molecules and immunoglobulins

such as PECAM-1 (MALIK et al., 2015).
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PECAM-1 or CD31 is a transmembrane glycoprotein of the immunoglobulin family,
expressed on the surface of many cells present in the injured sites, such as monocytes,
lymphocytes, platelets and endothelial cells (DING, 2008). According to Caligiuri (2020), the
pro-atherosclerotic effect of PECAM-1 is related to its participation in a mechanical
stimulatory complex in endothelial cells. In this complex, PECAM-1 activates NF-kB
molecules in response to oxidative stress, inducing the expression of more PECAM-1
molecules, which in turn, contribute to the recruitment of inflammatory cells to the site of
injury. According to Stevens (2008), PECAM-1 is related to the maintenance of endothelial
integrity and the trans-endothelial migration of leukocytes. In this sense, PECAM-1 has been
the subject of studies that focus on its role as an adhesion molecule, in order to recruit drug-
carrying particles or nutraceuticals targeted to the vascular endothelium (SHUVAEV et al.,
2013).

In this perspective, Hood et al. (2014) evaluated the effect of antioxidant enzyme-
carrying nanoparticles on oxidative stress and inflammation in the pulmonary vascular
endothelium. In this study, C57BL/6 mice received intratracheal dose of 1 mg/kg of
lipopolysaccharide (LPS) to induce acute lung damage. Then, a controlled release of
catalase and superoxide dismutase in the pulmonary vasculature of the animals was
performed applying anti-PECAM-1 monoclonal antibodies on the surface of the
nanoparticles. As firstly hypothesized, it was observed an accumulation of the nanocapsules
in the pulmonary vasculature. Then, it was found that the nanopatrticles protected endothelial
cells from apoptosis, decreased pulmonary edema and leukocyte infiltration. Thus, this study
indicates that the use of anti-PECAM-1 antibodies on the surface of nanopatrticles could be
effective for the infiltration and target-specific controlled release of drugs and nutraceuticals.

Moreover, Dan et al. (2013) evaluated the flow across the blood-brain barrier, bio-
distribution and affinity of nanoparticles super-paramagnetized with iron oxide and

vectorized with anti-PECAM-1 using in vitro and in vivo models, and observed a high binding
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affinity between nanoparticles and cellular receptors (PECAM-1), using Sprague Dawley
rats. High concentrations of vectorized nanoparticles were observed in the lungs and brain
of the animals. Thus, this study also suggested that the use of the anti-PECAM-1 antibody
would be an effective strategy to be applied to functionalize nanocapsules. In another study,
Tietjen et al. (2017) demonstrated that conjugation of anti-PECAM-1 antibodies on the
surface of polymeric nanocapsules was effective to reach the vascular endothelium of
inflamed pre-transplanted human kidney. These results reinforce the hypothesis that the
vectorization of nanoparticles with anti-PECAM-1 would be an interesting strategy for

targeting n3FA to the inflamed vascular endothelium.

2.3. The anti-inflammatory effects of Docosahexaenoic acid (DHA)

The anti-inflammatory effects of marine omega 3 fatty acids, including the
docosahexaenoic acid (DHA), occurs via different mechanisms, including inhibition of
leucocyte chemotaxis, adhesion molecule expression and leucocyte-endothelial adhesive
interactions, disruption of lipid rafts, inhibition of activation of pro-inflammatory transcription
factor (NFkB), activation of anti-inflammatory transcription factor PPARy and binding to the
G protein coupled receptor (GPR120) (CALDER, 2012; CALDER 2013). However, the most
documented mechanism to explain the anti-inflammatory effect of n3FA is related to their
enzymatic oxidation by cyclooxygenases (COX), lipoxygenases (LOX) and cytochrome P
450 (CYTP450), generating bioactive oxylipins (WASSERMAN et al., 2020).

Omega 3 fatty acids partially replace the omega 6 arachidonic fatty acid (ARA, C20:4 n-
6 FA) in the membranes of cells involved in the inflammatory responses, decreasing the
availability of substrate to produce potent pro-inflammatory eicosanoids, such as
prostaglandin E2 (PGE2) and leukotriene B4 (LTB4), and increasing the synthesis of

specialized pro-resolving mediators (SPMs) responsible to end the inflammatory process
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(CALDER, 2013; CALDER 2019). Figure 2 compares the eicosanoids pathways according

to the precursor fatty acid.
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Figure 2: Omega 3 and omega 6 fatty acids —derived oxylipins. Production of eicosanoids from arachidonic
acid (ARA; n-6 PUFAs), eicosapentaenoic acid (EPA; n-3 PUFAs) and docosahexaenoic acid (DHA; n-3

PUFASs). Adapted from Saini & Keun (2018).

Free ARA acts a substrate for COX, LOX or cytochrome P450 enzymes, leading to
the synthesis of 2 and 4-series of prostaglandins, thromboxanes, leukotrienes, hydroxyl
eicosatrienoic and epoxyeicosatrienoic acids (CALDER, 2013). The same occurs when EPA
and DHA are the fatty acids precursors, but instead of 2,4-series, they are substrate to the
3,5-series synthesis, being these later eicosainoids less biologically active than those

produced from ARA (CALDER, 2013). Among the SPMs, resolvins produced from EPA (E-
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series) and DHA (D-series) and protectins produced from DHA, are pro-resolving molecules
that inhibit the transendothelial migration of neutrophils and the production of IL-18 and
TNFa (CALDER, 2013). In in vitro assays, both EPA and DHA, inhibit T cell proliferation and
the production of IL-2 (CALDER, 2013). Resolvins are under development as
pharmaceutical agents, making EPA and DHA regarded as pro-drugs (CALDER, 2013). In
a study performed in human atherosclerotic plaques, Friedman et al. (2016) observed that
the levels of SPMs, particularly resolving D1 derived from DHA, and the ratio of SPMs to
pro-inflammatory LTB4 were lower in the vulnerable regions of the plaque. Besides
eicosanoids synthesis, EPA and DHA exerts an anti-inflammatory effect by other

mechanisms as summarized in Figure 3.
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Figure 3: The proposed molecular mechanism of cardioprotection attributed to n3FA. EPA and DHA modulate
cell membrane when incorporated in the bilayer phospholipidic and control membrane ion channels to prevent
lethal arrhythmia. They also exert anti-inflammatory and anti-fibrotic effects by modifying NFkB signaling, the

NLRP3 inflammasome, PPARa/y, GPR120 and TGF-B signaling (Adapted from Endo & Arita, 2016).
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Particularly regarding to DHA, it has been reported that DHA induces PPARYy, decreasing
the production of inflammatory cytokines (CALDER, 2013). In addition, the ability of DHA to
inhibit responsiveness of macrophages to endotoxin, seems to occurs via GRP120
(CALDER, 2013). According to the ComparED Study, DHA was more effective than EPA in
modulating specific markers of inflammation and some blood lipids (ALLAIRE et al., 2016).

The CANTOS study, applied an antibody to neutralize IL-13, and showed 30%
reduction in cardiovascular mortality (RIDCKER et al, 2018), demonstrating the
effectiveness of targeting inflammation in atherosclerosis and the role of inflammasome
pathway for further interventions. However, in the same study, patients treated with
monoclonal IL-1f3 antibody were more susceptible to infections. Thus, future studies should
aim to develop anti-inflammatory or pro-resolving therapies that cause less perturbation of
host defense (LIBBY & EVERETT, 2019). In this way, more directed attempts to block
advanced plaque macrophage inflammation and rupture could be achieved by innovative

drug delivery systems, such as arterial wall target nanoparticles (MOORE & TABAS, 2011).

2.3 Resolving the unresolved may contribute to decrease atherosclerosis

Inflammation is an essential mechanism of the immune system (VON-HEGEDUS et al.,
2020), that protect the organism against damage caused by pathogens-associated
molecular patterns (PAMPs) or DAMPs. The inflammatory process, as part of the immune
response, can be acute or chronic, depending on type of stimulus and the capacity of the
cells to signalize the inflammation resolution, leading to the tissue repair (FULLERTON et

al., 2016).
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In the acute phase of inflammation, lipid mediators formed from the fatty acids that are
esterifying the phospholipids that compose the cell’s membrane or delivered by lipid droplets
or lysosomes in the cytoplasm, are released by immune cells at the site of injury (BRENNAN
et al., 2021). At the first moment, polymorphonuclear neutrophils (PMNSs) achieve the target
tissue to exert the first line defense (SERHAN, 2007). Then, the cells of the damage tissue
express cytokines, chemokines, growth factors and adhesion molecules, as a signal to
attract monocytes to the site of the inflammation, where these myeloid cells undergo
differentiation to macrophages, amplifying the inflammatory processes and promoting the
phagocytosis of PAMPs and DAMPs (KASIKARA et al., 2018). However, during this
process, macrophages also initiate the synthesis of molecules able to resolve the
inflammation leading to the removal of apoptotic cells and consequent tissue healing
(HALADE et al., 2022; SPITE et al., 2014). Specialized pro-resolution mediators (SPMs)
are fatty acids derived oxylipins associated to the inflammation resolution (JOFFRE et al.,
2020). The increase of SPMs has been also associated to the macrophage phenotype
change, from pro-inflammatory M1 to pro-resolving M2 (RAHMAN et al.,, 2017). The
classification of macrophage types was widely described by Gordon et al. (2010) and
Mantovani et al. (2012), and include several types such as M1, M2a, b and ¢ (NOVAK,
2013).

Although the natural inflammatory process follows a cycle with beginning and end, when
uncontrolled or inappropriately activated, acute inflammation progresses to chronic
inflammation, promoting fibrosis and organ dysfunction (DAVID & LOPEZ-VALEZ, 2021), as

illustrated in Figure 4.
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Figure 4: The natural pathway of inflammation is resolution. After an inflammatory stimulus, the natural
pathway of inflammation is resolution, from a change in the class of lipid mediators and an increase in
efferocytosis. However, failure to change the class of mediators can result in chronic inflammation. Adapted

from David & Lopez-Vales (2021).

Atherosclerosis is a chronic inflammatory disease, it means, an unresolved
inflammatory condition. Atherosclerotic plaques are mainly formed by macrophages (HU et
al., 2021). Regression of the plagues are characterized by a reduced expression of genes
that encode markers of M1 macrophages and an increased expression of genes encoding
markers of M2 macrophages (RAHMAN et al., 2017). Therefore, an imbalance between
SPMs and pro-inflammatory oxylipins is a feature of advanced atherosclerotic plagues
(KASIKARA et al.,, 2018). It has been reported that human atherosclerotic plaques,
characterized by thin fibrous caps and large necrotic nuclei, had low levels of resolving D1

and high levels of the pro-inflammatory mediator Leukotriene B4 (KASIKARA et al. 2018),
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while the opposite was observed in the more stable plaques (FREDMAN et al., 2016).

Figure 5 illustrates the imbalance of lipid mediators and its consequence in atherosclerotic

plagues.
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Figure 5: The imbalance between lipid mediators can promote instability of atherosclerotic plagues. In
an environment where the amount of leukotrienes is greater than the amount of SPMs (A), unresolved
inflammation is observed, resulting in the unstable atherosclerotic plaques. But when the amount of SPMs is
greater than leukotrienes, the atherosclerotic plaque tends to be stable, where there is greater polarization of

M2 macrophages, increased efferocytosis and resolution of inflammation. Adapted from Kasikara et al. (2018).

Therefore, providing substrates to increase the amount of SPMs at the site of
atherosclerotic lesion may be promising for the treatment of cardiovascular diseases, both

for stabilization and regression of atherosclerotic plagques.
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2.4 Nanotechnology applied for bioactive compounds delivery

Nanotechnology has been applied as a very important and effective tool in several
areas of science. The delivery and controlled release of drugs and bioactive compounds can
be considered a frontier between science and technology, involving a multidisciplinary
scientific approach and contributing significantly for human health (GALISTEO-GONZALEZ
et al., 2018).

In the same way that it has been done with drugs, bioactive compounds could be
incorporated into nanocarriers and driven to the target tissue by the functionalization of the
carrier surface. This functionalization can be achieved by linkers that promote recognition
and specific cell binding, increasing the specificity of the treatment (OLIVEIRA et al., 2018).
In this context, functionalized nanocarriers can accumulate in specific tissues or organs due
to a variety of factors, such as barrier permeability or tissue damage, delivering the bioactive
compound in its original structure to the target cells (SONVICO et al., 2018).

Regarding the functionalization, the conjugation of bioactive compounds in carriers
with antibodies, that bind specifically to receptors exposed on the endothelial surface, is a
possible pathway for this important pharmaceutical goal (BHOWMICK et al., 2012). Among
the specific targets, the PECAM-1 represents an interesting option. PECAM-1 has a
molecular mass of 130 kDa being about 40% carbohydrate (Figure 6), that confers lectin-

like properties (LERTKIAMONJKOL et al., 2016).
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Figure 6: Schematic diagram of PECAM-1(Adapted from Paddock et al., 2016).

Studies using antibodies specific for PECAM-1 inhibited tumor-induced angiogenesis
in vivo (CAO et al., 2002; ZHOU et al., 1999). It has been also reported the ability of PECAM-
1 to maintain vascular integrity during inflammation-induced activation, contributing to the
endothelial cell permeability barrier (LERTKIAMONJKOL et al., 2016).

According to Moore & Tabas (2011), therapy directed at the arterial wall in general
and macrophages in particular, could be additive or synergistic with realistic goals of apoB-
LP lowering. Local delivery of pro-efferocytic therapies, as target nanoparticles, may prove
be highly effective and could have a superior safety profile (KOJIMA et al., 2017). Friedman
et al. (2015) administrated a collagen IV-target nanoparticles containing Ac2-26 peptide, a
mimic of the pro-resolving annexin A1, to fat-fed LDLr*") mice and observed a suppression

of oxidative stress and a decrease of necrosis in the plaques.



29

Thus, considering that an inflammatory environment adversely influences the
prognosis and treatment of patients with atherosclerosis, the administration of anti-
inflammatory bioactive compounds, such as docosahexaenoic acid (DHA) as part of a
vectorized nanocapsule, seems to be an interesting strategy.
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3. OBJECTIVE

The objective of this study was to develop a nanocapsule vectorized with anti-Pecam-1
containing richer DHA algae oil within its lipid nucleus and evaluate its safety and in vitro

anti-inflammatory effects in macrophages.

4. DESCRIPTION OF CHAPTERS

This study was divided into two chapters. Chapter one brings the overcome of our first
challenge that was to develop a stable nanocapsule containing algae oil within its lipid core.
This first chapter was published in the “European Journal of Pharmaceutics and
Biopharmaceutics” and describe the synthesis, characterization and preliminary toxicity
evaluation of nanoparticles. In the second chapter, the functionalized nanocapsules had
their toxicity evaluated in three cell’'s models (HUVEC, U-937 and RAW 264.7) and their
internalization and anti-inflammatory effects determined in macrophages. This second part

was already submitted to publication.
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CHAPTER I: DOCOSAHEXAENOIC ACID NANOENCAPSULATED WITH ANTI-PECAM-1 AS CO-

THERAPY FOR ATHEROSCLEROSIS REGRESSION
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ARTICLE INFO ABSTRACT

Keywords: Atherosclerosis is a non-resolving inflammatory condition that underlies major cardiovascular diseases. Recent
Atherosclerosis clinical trial using an anti-inflammatory drug has shown a reduction of cardiovascular mortality, but increased
DH{" the susceptibility to infections. For this reason, tissue target anti-inflammatory therapies can represent a better
ﬁntn—PEC:ﬂM—l option to regress atherosclerotic plaques. Docosahexaenoic acid (DHA) is a natural omega 3 fatty acid -
Oar\;(;(::g fa:ty acids component of algae oil and acts as a precursor of several anti-inflammatory compounds, such the specialized
Tissue target proresolving lipid mediators (SPMs). During the atherosclerosis process, the inflammatory condition of the
CD31 endothelium leads to the higher expression of adhesion molecules, such as Endothelial Cell Adhesion Molecule
Plate 1 (PECAM-1 or CD31), as part of the innate immune response. Thus, the objective of this study was to
develop lipid-core nanocapsules with DHA constituting the nucleus and anti-PECAM-1 on their surface and drive
this structure to the inflamed endothelium. Nanocapsules were prepared by interfacial deposition of pre-formed
polymer method. Zine-II was added to bind anti-PECAM-1 to the nanocapsule surface by forming an organo-
metallic complex. Swelling experiment showed that the algae oil act as non-solvent for the polymer (weight
constant weight for 60 days, p > 0.428) indicating an adequate material to produce kinetically stable lipid-core
nanocapsules (LNC). Five formulations were synthesized: Lipid-core nanocapsules containing DHA (LNC-DHA) or
containing Medium-chain triglycerides (LNC-MCT), multi-wall nanocapsules containing DHA (MLNC-DHA) or
containing MCT (MLNC-MCT) and the surface-functionalized (anti-PECAM-1) metal-complex multi-wall nano-
capsules containing DHA (MCMN-DHA-al). All formulations showed homogeneous macroscopic aspects without
aggregation. The mean size of the nanocapsules measured by laser diffraction did not show difference among the
samples (p = 0.241). Multi-wall nanocapsules (MLNC) showed a slight increase in the mean diameter and
polydispersity index (PDI) measured by DLS, lower pH and an inversion in the zeta-potential (£€P) compared to
LNCs. Conjugation test for anti-PECAM-1 showed 94.80% of efficiency. The mean diameter of the formulation
had slightly increased from 160 nm (LCN-DHA) and 162 nm (MLNC-DHA) to 164 nm (MCMN-DHA-al) indi-
cating that the surface functionalization did not induce aggregation of the nanocapsules. Biological assays
showed that the MCMN-DHA-al were uptaken by the HUVEC cells and did not decrease their viability. The
surface-functionalized (anti- PECAM-1) metal-complex multi-wall nanocapsules containing DHA (MCMN-DHA-
al) can be considered adequate for pharmaceutical approaches.
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1. Introduction

Nanotechnology has been applied as an important and effective tool
in several areas of science. The delivery and controlled release of drugs
and bioactive compounds can be considered a frontier between science
and technology, involving a multidisciplinary scientific approach and
contributing for human health [1]. Nanotechnology can not only
improve the efficacy of a drug but also to protect against its adverse
effects [2]. Drugs and bioactive compounds can also be incorporated
into nanocarriers and driven to the target tissue by the functionalization
of the carrier surface [3]. This surface functionalization can be achieved
by ligands that promote recognition and specific cell binding, increasing
the specificity of the treatment [4]. In this context, functionalized
nanocarriers can accumulate in specific tissues due to a variety of fac-
tors, such as barrier permeability, tissue damage and pH of the medium,
delivering bioactive compounds present in their original structure to the
target cells [5].

Omega 3 fatty acids, such as eicosapentaenoic (EPA) and docosa-
hexaenoic (DHA) acids promote cardiovascular protection by different
mechanisms, including anti-inflammatory action [6,7]. The consump-
tion of EPA and DHA increases the synthesis of less inflammatory ei-
cosanoids, decreases the synthesis of cytokines via Nuclear factor kappa
B (NFkB) and promotes the inflammation resolution through resolvins
and protectins [7-9]. In addition, it has been shown that non-enzymatic
oxidized metabolite of DHA, 4(RS)-4-F4-neuroprostane was able to
protect I/R cardiac injuries by regulating the mitochondrial homeostasis
[10]. Although the reduction of inflammation has been proved to
improve cardiovascular protection, as observed in a recent study [11],
the systemic aspect can increase the susceptibility to infections. For this
reason, anti-inflammatory target molecules could be more efficient to
treat some chronic diseases, such as atherosclerosis. Actually, studies
about targeting structures to atherosclerosis lesion date to middle
eighties [12]. However, despite three decades of advances in terms of
multitudes of ligands, nanocarriers, and methodologies for their conju-
gation and assembly, the translational approach is still incipient because
of the high complexity of physiological mechanisms involved in the
pathologies, side effects due to enhanced local concentration or harmful
interactions of delivery systems with target cells and host defense,
among other limitations [13-15].

The Platelet-Endothelial Cell Adhesion Molecule — 1 (PECAM-1 or
CD31) is locate in the cell junction, being expressed on the surface of
several cells involved in the development of atherosclerotic lesions in
the injured sites [16,17]. It is a multifunctional cell adhesion molecule
involved in numerous physiologic process [18]. According to Privratsky
et al. [19], the pro-atherosclerotic effect of PECAM-1 is related to its
participation in a stimulatory complex in endothelial cells. In this
complex, PECAM-1 activates NFkB molecules in response to oxidative
stress, inducing the expression of more PECAM-1 molecules, which in
turn contribute to the recruitment of inflammatory cells to the lesion
site. In opposite, PECAM-1 is also related to the maintenance of endo-
thelial integrity and to the extravasation of cells from the blood
compartment to adjacent arteries and tissues [20]. In this context,
PECAM-1 has been considered a target of several studies that evaluate its
role as adhesion molecule in order to recruit drug-bearing particles able
to promote stabilizing or regression effects on atherosclerotic lesions
[21].

Previous studies have achieved success to delivery anti-
inflammatory or anti-oxidant molecules to the endothelium by target
nano carriers [22-25]. Considering that an inflammatory environment
adversely influences the prognosis and treatment of patients with
atherosclerosis, the delivery of anti-inflammatory bioactive compound,
such as docosahexaenoic acid (DHA) to the inflamed endothelium, can
be an interesting strategy. Thus, our objective was to develop a stable
anti-PECAM-1 antibody surface-functionalized nanocapsule containing
DHA as algae oil in the core. The nanocapsules were physically char-
acterized and their preliminary biological effects analyzed in human
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umbilical vein endothelial cells (HUVEC).
2. Materials and methods
2.1. Materials

Poly(e-caprolactone) (PCL, Mw = 14,000 g mol 1), sorbitan mono-
stearate (SM, Span 60®), zinc acetate, low molecular weight chitosan
(Mw: 50,000-190,000 g mol 1, deacetylation degree: 75-85%, viscos-
ity: 20,000 cP) and Polysorbate 80 (Tween 80®) were purchased from
Sigma-Aldrich Co. (Saint Louis, MO, USA). Lipoid® S75 (LPS75) soy-
bean phosphatidylcholine 75% pure was obtained from Gerbras Qui-
mica Farmacéutica Ltda. (Diadema, Brazil). Alage oil (DHASCO) was
generously donated by Sorocaps IndtGstria Farmacéutica Ltda (Sorocaba,
Brazil), while MCT was purchased from Nutrimed Ind. Ltda (Sao Paulo,
Brazil). Anti-CD31 antibody (500 ul, primary antibodies, rabbit, stan-
dard, ICC/IF, IHC-FoFr, IHC-Fr, IHC-P, WB) was purchased from Bio-
legend (San Diego, CA, USA). All aqueous solutions were prepared using
deionized water obtained from a Millipore Direct-Q® system (Merck
Millipore, Darmstadt, Germany). The solvents and reagents were HPLC
grade.

2.2. Methods

2.2.1. Characterization of the oils applied in the lipid-core of the
nanocapsules

Algae oil and MCT were characterized according to the fatty acids
composition [26], using a gas chromatography equipped with a G3243A
MS detector (Agilent 7890 A GC System, Agilent Technologies Inc.,
Santa Clara, USA). The oxidative stability of the original algae oil and
MCT was measured by the concentration of hydroperoxides [27] and
expressed as mEq O»/kg oil. Malondialdehyde (MDA) concentration was
determined, using a HPLC system (Agilent Technologies 1200 Series),
with a Phenomenex reverse-phase C18 analytical column (250 mm X
4.6 mm, 5 mm) and a LC8-D8 pre-column (Phenomenex AJO — 1287),
being fluorometrically quantified at excitation of 515 nm and emission
of 553 nm [28]. A standard curve was prepared using Tetraethox-
ypropane and results were expressed as mg/Kg oil. The tocopherol
content was also determined using a high performance liquid chroma-
tography [29] and the results expressed as mg/Kg oil.

2.2.2. Synthesis of the anti-PECAM-1-Surface-Functionalized Metal-
Complex Multi-Wall nanocapsules (MCMN)

The effect of algae oil on PCL films was determine using the swelling
test [30]. It was conducted, in parallel, the PCL swelling in MCT to
comparative purposes. PCL solution were prepared by dissolving 3.0 g of
the PCL in 30 mL of chloroform, maintaining the solution under mag-
netic stirring at 40 °C for 30 min. After solubilization, the solution was
stored for 5 days at room temperature for complete evaporation of the
solvent. The films were trimmed, weighed and completely immersed in
2 mL of algae oil or MCT, separately. After 0, 3, 7, 11, 30 and 60 days of
immersion, the films were carefully removed from the oil, dried with
filter paper and weighed in an analytical balance. After this initial test,
the nanocapsules were prepared by interfacial deposition of pre-formed
polymer method [31], as schematized in Fig. 1. To prepare the organic
solution (A), SM (0.040 g), PCL (0.100 g) and algae oil or MCT (120 L)
were dissolved in acetone (25 mL). Another organic solution (B), was
prepared mixing 5 mL of ethanol with LPS75 (0.090 g). Both organic
solutions A and B were kept under magnetic stirring at 40 °C for 1 h.
Then, solution B was added to solution A and kept under agitation at
40 °C for 1 h. A new aqueous solution (C) was prepared mixing distilled
water (60 mL) with 0.080 g of nonionic surfactant Tween 80 for 1 h at
40 °C. After, the final organic solution (A + B) was injected into the
aqueous solution (C) and stirred for 10 min. The new solution (D) was
transferred to a rotary evaporator under reduced pressure and concen-
trated at 40 °C. The final volume of this formulation (lipid-core
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A Sorbitan monostearate
Algae oil or MCT
Poly(e-caprolactone)

Lecitin

Tween 80
Chitosan

Zn*?

Anti-PECAM-1

Step 4 (MLNC-A1)

Fig. 1. Steps for the synthesis of the Anti-PECAM-1 Surface-Functionalized Metal-Complex Multi-Wall Nanocapsules. LNG: Lipid Core nanocapsule; MLNC: Multi-
wall Lipid Core Nanocapsule; MLNC-Zn: Multi-wall metal complex Lipid Core Nanocapsule, and MLNG-al: Multi-wall metal complex lipid core with Anti-

PECAM-1 nanocapsule.

nanocapsules in aqueous dispersion, LNC) was transferred to a volu-
metric flask and adjusted to 10 mL using ultrapure water (Fig. 1, Step 1).
After 24 h, 500 pL of a filtered (0.45 pm, Millipore, Merck Millipore,
Darmsdat, Germany) chitosan aqueous solution (0.3%) was manually
pipetted (1 drop every 10 s) in 4.5 mL of the solution D and the reaction
was kept under magnetic stirring for 2 h (Fig. 1, Step 2). After, a zine-II
solution (E) was prepared by dissolving 28 mg of zinc acetate in ultra-
pure water (10 mL). Then, in an amber flask, 25 pL of solution E was
added into 775 pL of the chitosan-coated lipid-core nanocapsules solu-
tion under magnetic stirring at 500 rpm (Fig. 1, Step 3). After 40 s, 200
pL of anti-PECAM-1 solution was added into the same solution under
magnetic stirring (Fig. 1, Step 4). The complex “anti-PECAM-1-Zn-chi-
tosan-coated lipid-core nanocapsules” was kept under agitation (500
rpm) for 20 min at room temperature (20 °C). The theoretical concen-
tration of anti-PECAM-1 in the formulation was 200 pg mL 1. In the
complete assay, five samples were prepared: LNC-DHA; MLNC-DHA;
MLNC-DHA-A1; LNC-MCT; MLNC-MCT. Three replicates were prepared
of each formulation.

2.2.3. Physicochemical characterization of the nanocapsules

2.2.3.1. Laser diffraction. The particle size distribution of the formula-
tions was measured by laser diffraction (LD) using a Mastersizer® 2000
(Malvern Instrumens Ltd., UK) in the size range from 0.02 to 2000 pym.
Each sample was inserted into the dispersion unit containing of 100 to
200 mL of distilled water, sufficient to achieve obscuration between 1
and 8%. The Mie theory was used to determine the volume-weighted
mean diameter [Eq. (1)]:

>

= )

Dyz=

where iis an index of the population and d; is the particle diameter of the
population i. The polydispersity was calculated as SPAN based on the
particle size distribution curve (Eq. (2)). The narrower the distribution
the smaller the polydispersity.

d(0.9) — d(0.1)

SPAN = =3

(2)

where d(0.1), d(0.5) and d(0.9) are the diameters at the percentiles 10,
50 and 90 of the cumulative size distribution based on the volume of

particles. The specific surface area (SSA) was determined by the Mas-
tersizer software considering the density of 1 g em 3 for the
nanocapsules.

2.2.3.2. Photon correlation spectroscopy (PCS). The particle size distri-
bution curve, mean hydrodynamic diameter and polydispersity index
(PDI) of all formulations were determined by photon correlation spec-
troscopy (PCS) using a Zetasizer® Nano ZS (Malvern Instrumens Ltd.,
UK). Each sample was diluted (500x) in ultrapure water (MilliQ®)
filtered (Millipore®, 0,45 um).

Zeta Potential (¢P)

The zeta potential of all formulations was determined by electro-
phoretic mobility determined (Zetasizer® Nano ZS, Malvern Instrumens
Ltd., UK). Each sample was diluted (500x) in a previously filtered
(Millipore®, 0,45 pm) 10 mmol L™ NaCl aqueous solution.

2.2.3.3. Nanocapsule Tracking analysis (NTA). The size distribution
measurement and the concentration of the formulations containing DHA
were determined by NTA (NanoSight LM10 & NTA 2.0 Analytical
Software, NanoSight Ltd). The latter also provided visual information of
the light scattered by the particle in solution. The video images of the
light scattered by the particle in Brownian motion were followed inreal-
time in a CCD camera [31]. The formulations were diluted 10,000 times
in ultrapure water and each video clip was captured over 60 s. NTA 2.0
Analytical Software (NanoSight ®) was used for calculations.

2.2.34. pH measurements. The pH value of the formulations was
measured in a potentiometer (DM-22, Digimed, Brazil) calibrated with
phosphate buffer (pH 4.01 and pH 6.86) in each sample without previ-
ous dilution. The measurements were obtained with sensitivity > 99%.

2.2.3.5. Transmission electron microscopy (TEM). The formulations
were submitted to morphological analysis through a transmission elec-
tron microscope operating at 80 kV. Nanocapsule samples (100 pL) were
diluted in water (1:10, v/v), and 10 pL of the dilution was deposited on
copper grids (400 mesh) coated with carbon films. Subsequently, a
negative contrast (2% uranyl acetate solution) was added to the grid and
kept in a vacuum desiccator for 24 h. Photomicrographs were later
performed by trained technicians.

2.2.3.6. Quantification of anti-PECAM-1 bound to the nanocapsules. The
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yield of anti-PECAM-1 complexation on the nanocapsule surface was
determined by an indirect method. The non-bound fraction of anti-
PECAM-1 in the formulations was quantified by a colorimetric method
(QuantiProTM BCA Assay Kit, Sigma-Aldrich, St. Louis, MO, USA). Ac-
cording to the manufacturer’s instructions, a calibration curve was
prepared using dilutions of bovine serum albumin (BSA) and anti-
PECAM-1 from 3 to 27 ug mL !. The absorbance of the reaction prod-
uct was recorded on a plate reader at 562 nm (Spectramax, Molecular
Devices, Sunnyvale, CA, USA) where the correlation index was 0.9917.
To isolate the non-bound fraction of anti-PECAM-1, the MLNC-DHA-A1
formulation was placed in ultrafiltration-centrifugation units (100 kDa;
Merck KGaA), and centrifuged at 1,840 xg during 5 min (Sigma® 1-14;
SIGMA Laborzentrifugen GmbH, Germany). The ultrafiltrate was eval-
uated using the colorimetric method and the antibody concentration
determined using the calibration curve.

2.2.4. Biological assays

2.2.4.1. Human umbilical vein endothelial cells. Human umbilical vein
endothelial cells (HUVEC), kindly donated by Professor Ana Campa of
the Department of Clinical and Toxicological Analysis (Faculty of
Pharmaceutical Sciences, University of Sao Paulo, Brazil) were cultured
in Roswell Park Memorial Institute 1640 (RPMI 1640; Gibco) containing
10% of fetal bovine serum (Gibco, CA) and 1% penicillin and strepto-
mycin solution (Gibco). Cells were maintained at 37 °C under 5% CO,
atmosphere. Before the experiments, the HUVEC cells were character-
ized by endothelial markers such as the platelet endothelial cell adhe-
sion molecule and von Willebrand factor.

2.24.2, In vitro uptake cell. The internalization of LNC-DHA, MLNC-
DHA and MLNC-DHA-al by HUVECs was evaluated by enhanced dark-
field hyperspectral microscopy. HUVECs (8 x 10% cells) were seeded
in extra clean dust-free Nexterion® Glass D coverslips (#D263T; Schott,
New York, NY, USA) present in 6-well plates (Corning, NY, USA). After
adherence, cells were incubated with medium containing LNC-DHA
(1.4){1011 nanoparticles/mL); MLNC-DHA (1.4 x 101! nanoparticles/
mL) or MLNC-DHA-al (1.65 pg/mL of a 1.4 x 10! nanoparticles/mL)
for 18 h at 37 °C under 5% CO? atmosphere. A control group was
maintained in the presence of culture medium (vehicle). Inmediately
after the incubation and washing four times with 5% FBS-PBS, the
coverslip was placed on extra clean dust-free Nexterion® Glass B slides
containing 10 pL of 5% FBS-PBS, and HUVECs were imaged using a
CytoViva Ultra Resolution Imaging System (CytoViva, Inc., Auburn, AL,
USA). It was mounted on an Olympus BX51 microscope (x1,500
magnification; Olympus Corporation, Tokyo, Japan) equipped with
fluorite 100 x oil iris 0.6-1.30 numerical aperture (NA) objective and a
75 W Xe light source. Optical images were taken using a Q-imaging
Retiga EXi CCD camera (Olympus Corporation, Center Valley, PA, USA)
and Dage XL CCD digital camera with Image Processing Software
(Dage®; DAGE-MTI of MC, Inc., Michigan City, IN, USA).

2.24.3. Cell viability

2.2.4.3.1. Trypan exclusion assay. HUVEC cells were plated into 24-
well microtiter plates (Corning, NY, USA) at a density of 2.5 x 10% cells
per well. After 24 h, cells were reated with LNC-DHA (0.14; 1.4and 2.9
x 101 nanoparticles/mL); MLNC-DHA (0.14; 1.4 and 2.9 x 10!l
nanoparticles/mL) or MLNC-DHA-al (0.75; 1.65 and 3.3 pg/mL of al;
0.14; 1.4 and 2.9 x 10! nanoparticles/mL) and cultured for 24 h.
Thereafter, cells were detached using Typsin-
ethylenediaminetetraacetic acid (Vitrocell, SP, Brazil) and supernatant
and cells were recovered in microtube, centrifuged at 1.400 x g for 5
min and cell pellet was re-suspended with 0.4% Trypan Blue staining
solution. Each experiment was performed in duplicate. Cells were
counted using a Neubauer chamber. The % cell viability was calculated
according to Strober [32]. The relation of viable cells was calculated
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based on not treated cells.

2.24.3.2. Propidium iodide and Annexin V incorporation. HUVEC
cells were plated into 24-well microtiter plates (Corning, costar) at a
density of 2.5 x 10% cells per well. After 24 h, cells were treated with
LNC-DHA (0.14; 1.4 and 2.9 x 10 nanoparticles/mL); MLNC-DHA
(0.14; 1.4 and 2.9 x 10 nanoparticles/mL) or MLNG-DHA-al (0.75;
1.65 and 3.3 pg/mL pg/mL of al; 0.14; 1.4 and 2.9 x 10! nano-
particles/mL) and cultured for 24 h. Thereafter, cells were detached, and
supernatant and cells were washed twice in phosphate-buffered saline
containing 1% bovine serum albumin. Cells were incubated with
Annexin V (previously diluted (1:20) in Annexin V (Life Technologies,
Carslabe, USA) binding buffer (10 mM N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid, 140 mM NacCl, 25 mM CaCl2, pH 7.4; BD Phar-
mingen, Franklin Lakes, NJ) during 20 min in the dark, at room tem-
perature. After this, 200 pL. Annexin V binding buffer and 0.5 pL
propidium iodide (PL; Sigma Aldrich, San Luis, USA) were added. Data
from 10,000 events were acquired in Accuri C6 flow cytometer (BD
Pharmingen) and the stained cells were analyzed. Data express the
percentage of apoptotic cells (AnxV + ), necrotic cells (PI + ), late
apoptotic cells (AnxV + PI + ) and viable cells (AnxV — PI —).

2.2.5. Statistical analysis

Results were compared using ANOVA followed by Tukey test or
equivalent non-parametric test. Normality and homogeneity of vari-
ances were evaluated by Shapiro-Wilk test and Hartley F-max test,
respectively. Values were expressed as mean + SEM. A p value of 0.05
was adopted toreject the null hypothesis. Calculations will be performed
using software Statistica v.13 (TIBCO Software Round Road, TX, USA).
Graphs were elaborated using software GraphPad Prism 7 (GraphPad
Software, CA, USA).

3. Results

3.1. Characterization of the oils applied in the lipid-core of the
nanocapsules

The characterization of the algae oil and MCT applied in the lipid-
core of the nanocapsules is shown in Table 1. It was observed that
although MCT has presented other fatty acids besides medium chain
ones. Major amount was given to sum of caprylic, capric and palmitic
acids (94.26%). Algae oil presented 35.13% DHA and low values of
oxidative markers.

Table 1

Characterization of the oils applied to form the lipid-core of the nanocapsules.
Fatty acids (%) Algae Oil MTC
C8:00 - 41.00 £ 0.51
C10:00 1.09 + 0.02 48.53 + 0.26
C12:00 5.68 + 0.08 ND
C14:00 16.66 +£ 0.12 ND
C14:1 n9 0.20 + 0.01 ND
C16:00 17.28 £ 0.40 4.73 £ 0.13
Cl6:1 n7 1.84 + 0.02 0.06 4+ 0.06
C18:00 2. 40 £ 0.20 2.41 £0.27
C18:1 n9 18. 69 £ 0.16 2.324+0.17
C18:2 n6 (LNA) 1.02+0.11 0.53 + 0.02
C18:3 n6 (GLA) ND ND
C18:3 n3 (ALA) ND 0.43 £ 0.19
C22:6 n3 (DHA) 35.13+ 0.35 ND
Total 100.00 100.00
Hydroperoxide (mEq O,/Kg oil) 1.36 + 0.06 0.25 + 0.04
MDA (mg/Kg oil) 32.99 + 3.58 ND
«a-Tocopherol (mg/Kg oil) 61.59 +1.17 ND
y-Tocopherol (mg/Kg oil) 17.84 £ 0.26 ND

ND: Not Detected.
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3.2. Development of formulations

3.2.1. Polymer swelling test

In vitro polymer swelling test showed no difference on weight gain
(%) of PCL films immersed in the algae o0il and MCT during the time (p
< 0.832) (Fig.S1). This result demonstrated that both oils act as non-
solvent for PCL.

3.2.2. Synthesis of the anti-PECAM-1 Surface-Functionalized Metal-
Complex Multi-Wall nanocapsules (MCMN).

The metal-complex multi-wall nanocapsules (Fig. 1, Step 3: MLNC-
Zn) was formed by a lipid-core (sorbitan monostearate dispersed in
algae o0il), PCL as the first wall, polysorbate 80 and lecithin as surfactant
system to stabilize the nanocapsules in the aqueous dispersion and
chitosan as second wall complexed with a metal ion (zine-II). Zine-II was
selected as metal ion in our formulation due to its biocompatibility. For
comparative purposes, LNC-MCT and MLNC-MCT (containing MCT as
internal phase) was also prepared. All formulations, prepared using both
oils, presented homogeneous macroscopic aspects, with no visible ag-
gregation in the storage vials.

The formulations before and after chitosan coating presented
unimodal size distribution curves with diameters exclusively in the
nanometric range (Fig.82). No microaggregate was observed. Narrow
size distributions were determined with mean diameters (D4 3) ranging
from 130 £+ 2 nm (LNC-MCT) to 138 £+ 2 nm (MLNC-DHA) (Table 2),
without difference among the formulations (p = 0.241). MLNC-DHA
formulation showed a slightly higher SPAN value compared to LNC-
MCT (p = 0.040). Nevertheless, that formulation had the poly-
dispersity of diameters lower than 1.2 indicating narrow size distribu-
tion. All other formulations presented SPAN values lower than 1.0 not
differing from each other (p = 0.040) (Table 2),

Afterwards, formulations were analyzed by dynamic light scattering
(DLS) to characterize their nanometric populations. Dy, values ranged
from 120 + 1 (LNC-MCT) to 163 £+ 5 nm (MLNC-DHA-al). LNC-MCT
nanocapsules exhibited the lowest mean values (p < 0.001) for this
variable when compared to the other nanocapsules, while LNC-DHA
showed a higher Dy than LNC-MCT. After the chitosan coating, the
nanocapsules presented in general a slight increase in Dy, comparing to
the correspondent formulation without chitosan. The polydispersity
index (PDI) indicated respectively narrow and moderate size dispersions
for formulations before and after chitosan-coating (p < 0.001) (Table 2).
Zeta potential (¢P) was inverted after chitosan coating (p < 0.001)
(Table 2) indicating the interfacial reaction by electrostatic interactions.
LNC-DHA nanocapsule suspension had a slightly lower pH value (p <
0.001) when compared to LNC-MCT (Table 2). Chitosan-coated nano-
capsule formulations exhibited lower values of pH when compared to
the formulations before coating. The pH reduction of the formulations
was expected due to the use of acetic acid to disperse chitosan before the
interfacial reaction with the nanocapsules. Fig. 2 shows the comparison
of LNC-DHA, MLNC-DHA and MLNC-HA-al formulations. MLNC-DHA
and MLNC-DHA-al nanocapsules showed higher values of hydrody-
namic mean diameter (Fig. 2A) and PDI (Fig. 2B) than LNC-DHA, while
the negative £P showed by LNC-DHA sample was inverted after chitosan
interfacial reaction (Fig. 2C).
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The laser diffraction data were plot in radar charts to compare slight
variations in the mean diameter and the diameters at percentiles 10, 50
and 90 under the size distribution curves. Those charts were constructed
in 8 axes using the diameters calculated by volume and by number of
particles. The radar charts for LNC and MLNC formulations (Fig.S83)
revealed almost superimposed profiles indicating that even though some
differences in the dispersity were observed, those formulations had very
near and almost superimposed size distribution profiles.

Once obtained the algae oil-containing polymeric nanocapsule
formulation, the optimal antibody concentration was evaluated by DLS.
The anti-PECAM-1 at 200, 300 and 400 pg mL 1 concentrations was
used in the interfacial reactions (Fig.$4). The DLS size distribution
curves were analyzed just after preparation (t=0) and 1 hafter (t=1h).
After preparation, DLS curves (by intensity) for the formulations pre-
pared using anti-PECAM-1 at 200 and 300 pg mL ! showed unimodal
populations, while DLS curve for the formulation prepared using anti-
PECAM-1 at 400 pg mL ! showed microaggregates. After 1 h of prepa-
ration, the formulation prepared using anti-PECAM-1 at 300 pg mL !
showed microaggregates. DLS curves expressed by volume of particles
were calculated to compared better the formulations just after prepa-
ration and after 1 h. The only formulation presenting stable DLS curves
was that prepared at 200 pg mL ! of anti-PECAM-1. Thus, 200 pg mL !
was chosen to next steps.

3.2.3. Nanocapsule Tracking analysis (NTA); transmission electron
microscopy (TEM) and quantification of anti-PECAM-1 bound to the
nanocapsules

Using the Nanocapsule Tracking Analysis (NTA), mean diameters
were 160 + 2 (LNC-DHA) and 164 £+ 3 (MLNC-DHA-al), without dif-
ference among the samples (p = 0.209) (Table 3). MLNC-DHA-al
showed a lower (p < 0.001) concentration of particles (1.34 x 1013
+2.20 x 10! particlesmL 1) compared with LNC-DHA and MLNC-DHA
(p < 0.001). A comparison between the size distributions of the diluted
formulations before and after the functionalization with anti-PECAM-1
(MLNC-DHA and MLNC-DHA-al) showed an overlap in 2D plot (diam-
eter vs. intensity of the scattered light) (Fig.S5). TEM photomicrographs
(Fig. 3) demonstrated that Anti-PECAM-1-functionalized nanocapsules
(MLNC-DHA-al) presented a spherical shape. After ultrafiltration-
centrifugation, the calculated yield of anti-PECAM-1 complexation on
the surface of the nanocapsules was 94.8 + 3.3%. It was estimated
around 100 molecules of anti-PECAM-1/nanocapsule, based on molar
mass of the antibody, the Avogadro number to calculate the number of
nanocapsules and NTA data.

3.2.4. Biological assays

3.2.4.1. Nanocapsules up-take by endothelial cells and cell viability. After
physicochemical properties evaluation, the ability of endothelial cells to
internalize the synthesized nanocapsules was verified by CytoViva®
DARKFIELD ULTRA microscopy (Fig. 4A). HUVECs were incubated with
LNC-DHA, MLNC-DHA and MLNC-DHA-al at concentration of 1.4 x
1011 nanoparticles/mL, and with the isolated PECAM antibody as
control, and cultured for 18 h. As observed in the Fig. 4A, MLNC-DHA-al
was efficiently uptaken by endothelial cells in comparison to LNC-DHA

Table 2

Physico-chemical characteristics of the nanocapsules.
Nanocapsul es* D4,3 (nm) SPAN DLS (nm) PDI ZP (mV) pH
LNC-DHA 134.33 + 1.76 0.98 &+ 0.03%° 139.40 + 1.14* 0.10 + 0.01° —13.33 + 0.28° 5.28 £ 0.02°
MLNC-DHA 137.67 £ 1.76 1.13 4+ 0.05° 159.12 + 1.25° 0.21 + 0.01° +12.50 + 0.95° 3.94 + 0.00*
MLNC-DHA-al ND ND 163.50 + 5.33° 0.21 + 0.01° +5.00 + 0.95° ND
LNC-MCT 130.00 + 2.00 0.86 + 0.02* 119.73 + 0.71° 0.14 + 0.01* —12.67 + 0.33* 5.40 + 0.02°
MLNC-MCT 132.67 £ 3.71 0.96 + 0.09%° 133.47 + 0.75% 0.22 £ 0.01° +13,93 + 0.35) 3.96 + 0.01°
p 0.241 0.040 <0.001 <0.001 < 0.001 <0.001

ND, not determined.
! values are expressed as mean + SEM (n

3). Values followed by the same upperscript letter are not different (p < 0.05).
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Fig. 2. Characterization of the nanocapsules with antibody compared with the
nanocapsules without antibody. Values are expressed as mean + SEM (n  3). *
p < 0.001.

and MLNC-DHA, as expected. The MLNC-DHA-al was located next to
nucleus as observed by the greater scattering of light, which was not
observed for control nanocapsules (DHA-LNC and DHA-MLNC). The
endothelial cells viability was assessed by trypan blue exclusion assay
after nanocapsules treatment (Fig. 4B). It was observed that DHA-MLNC
and MLNC-DHA-al at concentrations of 1.4 and 2.9 x 1011 nano-
particles/mL reduced the number of viable cells (Fig. 4B). Although it
was observed a reduction of number of cells, the control and antibody
functionalized nanocapsules at different concentrations did not alter the
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Table 3
Diameter and number of partucles of the nanocapsules containing DHA in the
lipid core determined by NTA.

Nanocapsul es* Mean Diameter (nm) Particles number

LNC-DHA 159.85 &+ 1.62 2.30 x 10" £ 9.75 x 10*/mL?
MLNG-DHA 162.31 + 4.91 2.37 % 10" £ 1.54 x 10*%/mL?
MING-DHA-al 163.77 + 3.51 1.34 x 10" 4+ 2.20 x 10*Y/mL?
p 0.209 0.001

! values are expressed as mean + SEM (n
upperscript letter are not different (p < 0.05).

3). Values followed by the same

cell viability since the number of dead cells was not significantly
increased. These findings were corroborated by Annexin V and PI
incorporation assay (Fig. 4C).

4. Discussion

Initially, the characterization of the oils used in the nanocapsule
nucleus was performed. The algae oil applied in our study was composed
by DHA (35.13%), oleic acid (18.69%), palmitic acid (17.28%), myristic
acid (16.66%) and other minor fatty acids. Algae oil instead of isolated
DHA was chosen due to the very low oxidative stability of the free fatty
acid. In terms of lipid oxidation, algae oil presented satisfactory values
of hydroperoxides, which were found within the range established by
Codex Alimentarius of 10 mEq O,/Kg oil [33]. The hydroperoxide con-
centration observed in our sample (1.36 mEq O,/Kg oil) was lower than
the value observed in the study reported by Nogueira et al. [34] that
characterized fresh algae oil (5.56 mEq O»/Kg oil). This better stability
was due to the higher proportion of oleic acid and the lower proportion
of DHA present in the algae oil applied in our study, besides the anti-
oxidant action of the tocopherol (79.43 mg/Kg) added to the oil by the
supplier.

An important aspect to be analyzed previously to the development of
polymeric nanocapsules is whether the oil used in the nucleus can be a
solvent for the polymer, causing swelling and dissolution [30]. Poly-
meric nanocapsules are formed by interfacial deposition of polymer
when both phases (oil and water) act as non-solvent for the polymer
[35]. Taking this aspect into account, PCL films were prepared and
completely immersed in algae oil and MCT, separately, in order to verify
if these oils were capable of causing some mass change in the polymer
films. In this way, in the swelling experiment, the weight of PCL films
was constant for 60 days indicating that the algae oil is an adequate
internal phase to produce kinetically stable polymeric nanocapsules
dispersed in water. Our results showed no variation in the weight of the
films within 60 days, longer than 30 days found by Silva et al. [36],
evaluating the effect of vitamin K1 on the PCL (MW = 65.000) films. All
formulations presented reproducible particle size dispersion profiles
among the batches with unimodal distributions at the nanometric scale,
when analyzed by laser diffraction technique, corroborating with the
results reported by other studies carried out using different ligands on
the nanocapsule surface, in which our methods were based [31-37].
Radar charts have been proposed as an easy and useful tool to determine
the differences in size distribution curves during pre-formulation studies
using laser diffraction data [38]. All our formulations presented similar
fingerprints, showing almost superimposable profiles. SPAN values
indicated narrow dispersity without any microscopic contamination in
the formulations.

Considering that the profiles obtained by the laser diffraction tech-
nique did not present micrometer populations, DLS was used to char-
acterize the nanometric population of the formulations. Algae oil
nanocapsules (LNC-DHA and MLNC-DHA) were larger in size when
compared to MCT nanocapsules (LNC-MCT and MLNC-MCT). This fact
can be explained by the viscosity of algae oil when compared to MCT.
According to Jornada et al. [39], the higher viscosity of the organic
phase directly influences the final average size of the nanostructure. In
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Fig. 3. Photomicrographs obtained by TEM of MLNC-DHA-al. (A) bar

Nanocapsules

MLNC-DHA

MLNC-DHA-a1

0.2 pm; (B) bar 0.5 pm.
99 Live cells B Dcad cells
~
=3
- 64
SR L1 I
E [
=
2 L
2 34 1 T
© L
< 1l "_‘ T
0 |v T T T T T T T T T T T T T T
NT 01414 29 01414 29 0.1414 29 1.653.3
LNC-DHA MLNC-DHA MLNC-DHA-a1 PECAM
C «10™ mL «10 " imL %10 "imL waimL
] Unlabeled ) Anxy WEE p; [ AnxV/P|
125
b4
= 100
) I |
£
° 754
o
=
& 50
>
<
X 254
c
<

o

NT 0141429 0141429 0141428 165 3.3
LNC-DHA MULNC-DHA MLNC-DHA-81 PECAM
<10 " mt 10" imL «10' L ngimi
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addition, the slight increase in the mean diameter observed in chitosan-
coated nanocapsules, after the interfacial reaction, was also observed by
Bender et al. [31]. Higher PDI values are usually observed to higher size
nanocapsules due to their elevated heterogeneity when compared to
smaller particles [40].

DLS technique was used to characterize the antibody-functionalized
formulation. The hydrodynamic mean diameter was calculated by the
method of Cumulants assuming that the nanocapsules have spherical
shape according to the images obtained by transmission electron mi-
croscopy (Fig. 3). Moreover, the ideal antibody concentration for the
optimal functionalization of the nanocapsules was assayed. After the
interfacial reaction with anti-PECAM-1 tested at 200 pg mL 1, the

batches of formulations showed unimodal distribution profiles, which
maintained constant after 1 h. At higher concentrations (300 and 400 pg
mL 1), the batches of formulations showed multimodal profiles, indi-
cating nanocapsules aggregation, corroborating the results reported by
Bender et al. [31], in which nanocapsules aggregated with increasing
phenylalanine concentrations. Zeta potential of LNC formulations was
negative due to the presence of phosphatidic acid as contaminant of
lecithin [37]. All absolute values of zeta potential were lower than 14
mV independent on the negative or positive coating indicating the
presence of polysorbate 80 (a non-ionic surfactant) at the particle-water
interface. Functionalization with anti-PECAM-1 neither change the
mean diameter of chitosan-coated nanocapsules nor PD], but it reduced



M. de Castro Ledo et al.

zeta potential indicating that anti-PECAM-1 was efficiently complexed
on the nanocapsule surface. Stable constitutive molecules as PECAM-1
can be used as prophylactic and therapeutic delivery [13] and can be
up-regulated in sites of inflammation and other vascular pathologies
[17]. According to Shuvaev et al. [17], the only disadvantage of the
endothelial drug delivery target by affinity ligands is its complex design.
This step was overcome in our study, since it was possible to develop a
stable anti-PECAM-1 surface-functionalized metal-complex multi-wall
nanocapsules (MCMN) containing algae oil in the core.

This is the first study applying anti-PECAM-1 as ligand on nano-
capsules containing algae oil as lipid core. Our proposal was based in
previous studies that showed success to deliver different compounds to
the endothelial cells using PECAM-1 as target. Dan et al. [41] was able to
target anti-PECAM-1 iron oxide nanoparticles toward to the inflamed
lung and brain tissues. The authors first evaluated the flux of these
functionalized nanoparticles across the blood-brain barrier and their
trancytosis and biodistribution using a human cortical microvascular
endothelial cells (hCMEC/D3) model. Dziubla et al. [25] showed that
antioxidant enzymes encapsulated into polymer nanocarrier target to
PECAM-1 protected the endothelium against oxidative stress in cell
culture and animal protocols. In another example, an indirect NOX in-
hibitor was encapsulated into immunoliposomes target to PECAM-1 and
provided a significant protection against acute oxidative stress [23]. A
reduction of ischemia-reperfusion injury was achieved by intravenous
injected catalase conjugated with an antibody to PECAM-1 during lung
transplantation [22]. In our study, the increase of DHA proportion,
esterifying the phospoholipids in the membranes or in a free form, can
contribute to improve the cell’s functionality, through its enzymatic and
non-enzymatic oxidation [9,10,42], being this beneficial effect
increased by nanoencapsulation [43].

Biological results showed that our nanocapsules containing algae oil
as lipid core were up taken by HUVEC cells and did not significantly
decrease the cell viability. Endothelial cells present in the inflamed ar-
tery are the target of our nanocapsules. It is known that the surface area
ratio for desired target is really large [13], but the LDLr"” animal model
applied in our previous studies [44,45] fed for 6 months with a high fat
diet, presents significant amount of fatty streaks in aorta, with conse-
quent higher PECAM-1 expression in the HUVEC junctions, contributing
to improve the surface area ratio for desired target. Thus, the results
suggest that our anti-PECAM-1 antibody surface-functionalized nano-
capsule containing algae oil can be now evaluated in other cells models
and also in vivo using animal models. It represents a preliminary toxi-
cological result that must be complemented by in vivo assays.

The success of the strategy proposed in our study depends on several
factors that will be still analyzed. According to Shuvaev et al. [17],
translational challenges are paramount, and different results can be
achieved depending on pharmacokinetics, biodistribution, toxicity,
mechanisms of delivery and other parameters of the nanocapsules that
are associated to the cellular localization of ligands, ligand surface
density, carrier geometry and flexibility, local infusion and interaction
between drug delivery systems and humoral and cellular host defense
[13-17]. Although PECAM-1 antibodies at moderate doses can be
rapidly removed from the blood, the modulation of PECAM-1 by the
antibody binding can potentially disturb its vascular barrier function,
increasing the expression of pro-inflammatory CAMs and cytokines, as
investigated by Kiseleva et al. [18]. In addition, the material applied to
prepare the capsules can stimulate the innate immune system causing an
inflammatory response. This configures a pharmacological limitation to
the advance of drugs target delivery systems [15]. However, in our
proposal, this limitation could be an advantage if our spherical nano-
capsules can escape from the inate imunne cells and be rapidly up taken
by HUVECS, since the nanocapsules must be phagocyted by macro-
phages in the intima to exert their functionality, improving plaques
stability. Thus, the strategy suggested in this study depends on the
nanocapsules development, their capacity of escaping from immune
system cells during their circulation in the blood, be internalized in the
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inflamed endothelium, and finally be phagocyted by the macrophages,
improving their phenotype. It is important to highlight that some
beneficial effects of omega 3 fatty acids can be obtained in condition of
oxidative stress [46], as present in the atherosclerosis. Despite of all
complexity involved in this strategy, we showed in the present study that
the first challenge was successfully overcame.

There is an agreement that atherosclerosis is a multifactorial disease
of difficult control, even by changes in the life style or current drugs,
such as statins [47]. It is also known that several patients with choles-
terol at normal levels present a residual risk [48]. Thus, it seems
essential that other factors of risk than cholesterol, such as inflammation
or oxidative stress associated to innate or adapted immune system are
also investigated [49]. Although the anti-PECAM-1 surface-functional-
ized metal-complex multi-wall nanocapsules (MCMN) containing DHA
developed in our study has shown positive results, it only represents the
first step of a complex strategy.

5. Conclusion

The anti-PECAM-1 surface-functionalized metal-complex multi-wall
nanocapsules (MCMN) containing DHA in the lipid core were the first
time successfully developed. The nanocapsules showed excellent size for
application for future in vitro and in vivo studies, showing potential as a
new pharmacological strategy to reduce atherosclerotic plaques.
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Figure 1S. Capacity of the PCL polymer to absorber the algae oil and MCT. Values are

expressed as mean = SEM. (n=3)



51

Partiche Sipe Distriboution

10

Yolume (%)

%.01 0.1 1 10 100 1000 3000
Particle Size (pm)

Parbicde Size Distriburbion

10

Wolume (%)

%.Dl 0.1 1 10 100 1000 3000
Particle Size (pm)

C 20 Partice Sipe: Distriburtion

15

10

WVolume (%)

%.Ell 0.1 1 10 100 1000 3000
Particle Size (um)

Parbicle Sre Distribution
D
g 15
= 10
3
=
= 5
B.01 0.1 1 10 100 1000 3000

Particle Size (pm)

Figure 2S. Diameter distribution of PCL and algae oil nanocapsules: LNC-DHA (A), MLNC-
DHA (B), LNC-MCT (C), MLNC-MCT (D), determined by Laser diffraction.
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Figure 3S. Radar chart for LNC-DHA, MLNC-DHA, LNC-MCT and MLNC-MCT
formulations. [axes: 1, volume-weighted mean diameter by volume of particles, D(4.3)v; 2,
diameter at percentile 10 under the distribution curve by volume, D (0.1)v; 3, diameter at
percentile 50 under the distribution curve by volume, D (0.5)v; 4, diameter at percentile 90
under the distribution curve by volume, D (0.9)v; 5, volume-weighted mean diameter by
number of particles, D (4.3)n; 6, diameter at percentile 10 under the distribution curve by
number, D (0.1)n; 7, the diameter at percentile 50 under the distribution curve by number,
D (0.5)n and 8, diameter at percentile 90 under the distribution curve by number, D (0.9)n.
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Figure 5S. Overlap of the Anti-PECAM-1 functionalized nanoparticles over the chitosan-coated

nanocapsules performed at the NTA.
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CHAPTER II: EFFECT OF ANTI-PECAM-1 VECTORIZED NANOCAPSULES CONTAINING

DOCOSAHEXAENOIC ACID ON MACROPHAGES POLARIZATION
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Abstract

It has been shown that atherosclerotic plagues healing or stabilization depends on various factors,
including the type of immune cells present in the atheroma. The presence of pro-resclving M2
macrophages instead of pro-inflammatory M1 macrophages has been associated to wound
healing and more stable plaques. Omega 3 fatty acids, such as docosahexanoic acid (DHA,; C22:6
n3) could promote the switch of M1 to M2 macrophages. Thus, the objective of this study was
firstly to evaluate the toxicity of lipid-core nanccapsules containing DHA (LNC-DHA), multi-wall
nanocapsules containing DHA (MLNC-DHA) and the surface-functionalized (anti-PECAM-1)
metal-complex multi-wall nanocapsules containing DHA (MLNC-DHA-a1) in HUVEC, U937 and
RAW 264.7 cells; and after to determine the effect of these nanocapsules on macrophages uptake
and polarization. Cells were exposed to three concentrations: 0.14x10", 0.75 x10" and 1.40x10"
nanocapsules/mL during 24, 48 and 72h, being the cell viability determined by flow cytom etry.
The uptake of MLNC-DHA and MLNC-DHA-a1 nanocapsules by RAW 264.7 macrophages and
their polarization were determined at 0.7 5x10"" nanocapsules/mL. Cell viability was not changed
according to the type of cells after 24, 48 and 72h, suggesting absence of toxicity in the three
concentrations evaluated in this study. It was observed that both MLNC-DHA and MLNC-DHA-
a1l nanocapsules decreased the concentration of Tumor necrosis factor-alpha (TNFa) (p=0.02)
compared with non-treated group (NT), with no changes in Interleukin-10 (IL-10) (p=0.29). The
nanocapsules also showed an increase of M2 (F4/80+ CD206) phenotype % (p<0.01) without M1
(F4/80+ CD80) alteration (p=0.25). This result suggests that DHA richer algae oil, as part of the
lipid core of the nanocapsules, did not reduce cells viability and improved the macrophage

phenotype, being a potential therapy to heal or stabilize atherosclerctic plagues.

Key words: atherosclerosis, nanocapsules, DHA, macrophages, inflammation, polarization
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1.Introduction

Although recent and important pharmacological advances have contributed to reduce
mortality and morbidity caused by cardiovascular diseases (CVDs), the ischemic events such as
myocardium infarction and stroke are still responsible for the majority of deaths, estimated in 17.9
million people each year [1]. Infact, this number can even become higher due to the still unknown
consequences of SARS-Cov-2 infection in the endothelial dysfunction, strictly involved in the
atherosclerctic lesions [2]. For this reason, in addition to the prevention strategies recommended
in the guidelines, such as the consumption of a healthy diet, physical activity, smoking cessation
and hypolipidemic drugs prescription [3], new strategies aiming to regress or improve the stability
of the already present atherosclerotic plagues must be searched in order to reduce CVD mortality.

Atherosclerosis is a nen-resolving inflammatory condition that underlies the ischemic
events [4,5]. The chronic inflammation of the intima arterial occurs by different stimulus, including
hypertension and excess of circulating apolipoprotein B-containing lipoproteins, especially low-
density-lipoproteins (LDL) that enter the intima by passive filtration and transcytosis. As
consequence, endothelial cells express adhesion molecules, such as intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1  (VCAM-1), e-selectins and
platelet/endothelial cell adhesion molecule-1 (PECAM-1) to attract and infiltrate the myeloid cells
in the inflammation site [5,6,7,8]. After infiltration, growth factors as Macrophage Colony-
Stimulating Factor- 1{CSF-1) promote the maturation of monocytes into tissue macrophages,
that in turn, take up modified or aggregated LDL particles, as part of the normal immune response
[7,9]. However, different from the acute inflammation, there is no resolution in the atherosclerosis
condition because, in general, the stimulus that depends on lifestyle choices, does net stop. The
continuous uptake of LDL particles by the macrophages, asscciated to a pro-inflammatory
microenvironment, cause a dysfunction of these lipid-load cells, that can suffer apoptosis fellowed
by secondary necrosis, leading to the formation of fatty streaks and plagues [10,11]. The plagues,
in turn, can suffer erosion or even rupture, provoking ischemic insults such as myocardium
infarction and stroke, or can be healed or stabilized depending on factors that include the

phenotype of macrophages that take part of the plaque composition [7,9,12,13].

62



00 -1 oy U Lo N

SRR NS G IS NS IS, B RS, RS - S S Nt S S SO OF BN SU R P SN SURN LR O SN SC RN SLRN ULAN (OB [CR (G RNCT N AT NOR ST NG T N iy oy S
NP OWD-AdGa U WNRE OWD-J@ Wk WN P OWwWWL-J6 0 WNEROWwE-Jdm U0 WNE OWm--do U@ W e Oow

O
S

Monocytes derived macrophages present in the intima layer have been classified in
different subtypes, according to their phenotype and consequent physiological function. M1,
M(Hb), Mhem, M2, Mox and M4 macrophages have been found in atherosclerotic lesions [14,13].
Among them, M1 macrophages are characterized as pro-inflammatory and part of Th1 cells
response, while M2 macrophages are triggered by Th2 cells and have pro-resclving effects
[12,13]. It is suppesed that M2 macrophages can contribute to reduce the plague size and risk of
rupture, because it exerts a better efferocytosis, reducing the secondary necrosis and increasing
the cholesterol efflux by high-density-lipoprotein (HDL). As consequence, there is a decrease of
production and secretion of reactive oxygen species (ROS), pro-inflammatory cytokines,
chemokines, tissue factors and metalloproteinases [13,15]. Thus, moedulation of macrophage
phenotypes might be a new strategy for the pharmacological treatment aiming to heal or stabilize
the atherosclerotic plagues [14,15].

Omega 3 fatty acids, such as EPA (eicosapentaenoic acid) and DHA (docosahexaenoic
acid) are substrate to the synthesis of less-inflammatory and pro-resolution oxylipins in different
cells, including macrophages [16]. Some in vitro and in vivo studies have reported that omega 3
fatty acids can induce M2 macrophage polarization by different mechanisms [17,18,19,20]. Based
on the fact that DHA can switch the M1 to M2 macrophage, and that this later phenotype has
been asscciated to the plague healing, we raised the hypothesis that a direct supply of DHA to
the macrophages by a drug delivery system could contribute to reduce the foam cells, leading to
a plague stabilization or healing. In a previous study [21], anti-PECAM-1-surface-functionalized
metal-complex multi-wall nanocapsules containing DHA richer algae oil in their core (MLNC-DHA-
a1) were developead, showed 94.80% of conjugation efficiency and did not show significant toxicity
toward HUVECs. The metal complex multi-wall nanocapsules are prepared by self-assembly of
a pelyester, sorbitan monestearate and oils (in general triacylglycerols) stabilized with lecithin and
polysorbate 80, followed by chitosan coating, interfacial complexation using metal ions, such as
zinc(ll), iron{l) or gold(ll}, and a ligand [21,22,23,24]. On basis on that positive preliminary result,
the objective of this study was firstly evaluate the toxicity of lipid-core nanocapsules containing
DHA (LNC-DHA), multi-wall nanocapsules containing DHA (MLNC-DHA) and the surface-

functionalized (anti-PECAM-1) metal-complex multi-wall nanocapsules containing DHA (MLNC-

63



00 =1 oy U0 o= L) R

O oy oy Oy Oy U 1O OO O s s s s s s s s e e (D 0 0 W NN NN NN NP R R R RPRRERERERE R
(M= W NP OWw o oUW N OWw o U W RO W e M W O W ol W O Wm0 WO

DHA-a1) in HUVEC, U237 and RAW 264.7 cells, and then determine the in vitro effect of these

nanocapsules on macrophages polarization.

2. Materials and methods

Lipid-core nanocapsules containing DHA (LNC-DHA), multi-wall nanocapsules
containing DHA (MLNC-DHA) and the surface-functionalized (anti-PECAM-1) metal-complex
multi-wall nanocapsules containing DHA (MLNC-DHA-a1) were prepared and characterized as

described in our previous study [21].

2.2. Methods

2.21. Cell culture

Human umbilical vein endcthelial cells (HUVECSs) were kindly donated by Professor Ana
Campa of the Department of Clinical and Toxicological Analysis (Faculty of Pharmaceutical
Sciences, University of S&o Paulo, Brazil). HUVEC cells were maintained in Roswell Park
Memorial Institute (RPMI) 1640 (Gibco, Grand Island, NY, USA) containing 10% FBS and 1%
antibiotic solution containing streptomycin and penicillin. RAW 264.7 (immortalized murine
macrophages) and U237 cells were obtained from the Rio de Janeiro Cell Bank (BCRJ, Rio de
Janeiro, RJ, Brazil) and cultured in DMEM (Gibco, Grand Island, NY, USA) high glucose (4,500
pg/mL) containing 10% FBS. Cells were kept at 37 °C under controlled CO2 atmosphere of 5%.
Cell's culture medium was replaced every 2-3 days and the cells were trypsinized with 0.01%

trypsin in EDTA buffer (Vitrocell Embriclife, Campinas, SP, Brazil).

2.2.2. Cell viability

The cytotoxicity of the nanocapsules was evaluated using flow cytometer after culturing.

Briefly, cells were seeded at 2.5 x 10* cellsiwell in 24-well microplates (Costar® Multiple Well Cell
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Culture Plates, Corning, Glendale, Arizona, USA), and kept at 37 °C for 24h. Afterward, cells were
treated with LNC-DHA; MLNC-DHA and MLNC-DHA-a1 at three concentrations: 0.14, 0.75 and
1.40 x 10" nanoparticles/mL, and cultured for 24, 48 and 72h. Isclated anti-Pecam-1 was also
evaluated at concentration of 200 pg/mL. Thereafter, cells were detached, and supernatant and
cells were washed twice in phosphate-buffered saline containing 1% bovine serum albumin. Cells
were incubated with Annexin V (previously diluted (1:20) in Annexin V (Life Technologies,
Carslabe, USA) binding buffer (10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfenic acid, 140
mM NaCl, 25 mM CaClg, pH 7.4; BD Pharmingen, Franklin Lakes, NJ) during 20 min in the dark,
at room temperature. After this, 200 pL Annexin V binding buffer and 7AAD (1:200) were added.
Data from 10,000 events were acquired in Accuri C6 flow cytometer (BD Pharmingen) and the
stained cells were analyzed. The negative double group for AnxV-7-AAD (non-apoptotic and non-
necrotic) marking were plotted to quantify the cell viability (AnxV-, 7-ADD -), single marking with
AnxV represented cells in apoptosis (AnxV+, 7-ADD -), single marking with 7-AAD indicated cells
in necrosis (AnxV-, 7-ADD+), while the double group positive for AnxV-7-AAD denoted the group
of cells in late apoptosis AnxV+, 7-ADD+). Results of triplicates were expressed as percentage

(%).

2.2.3. Real time up take of the nanocapsules by RAW 264.7 macrophages

The uptake of nanocapsules by macrophages was determined by enhanced dark-field
hyperspectral microscopy (CytoViva®) as described by Sandri et al. [25]. RAW 264.7 murine
macrophages (8 x 10* cells) were seeded in extra clean dust-free Nexterion® Glass D coverslips
(#D263T; Schott, New York, NY, USA) present in 96-well plates (Corning, NY, USA). After
adherence, cells were incubated with medium containing MLNC-DHA and MLNC-DHA-a1 at 0.75
x 10" nanoparticles/mL for 4h at 37 °C under 5% COz atmosphere. A non-treated group (NT)
was kept in DMEM 10% SFB. Immediately after incubation, cells were washed three times with
5% FBS-PBS, and the coverslip was placed cn extra clean dust-free Nexterion® Glass B slides
(NexterionR Glass B; Schott, NY, EUA) containing 10 pyL of 5% FBS-PBS. Then, 10 pl of cell
solution were set up using extra clean dust-free slides (NexterionR Glass B; Schott, NY, USA)
and coverslips (Nexterion Glass D #D263T, Schott). RAW 264.7 murine macrophages were

imaged using a CytoViva Ultra Resolution Imaging System (CytoViva, Inc., AL, USA) mounted on
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an Olympus BX51 microscope (x1,500 magnification; Olympus Corporation, Tokyo, Japan)
equipped with fluorite 100 x oil iris 0.6—1.30 numerical aperture (NA) objective and a 75 W Xe
light source. Optical images were take using a Dage XL CCD digital camera with Image
Processing Software (Dage ®, DAGE-MTI of MC, Inc., MI, USA). ImageJ software, version 2.1.0/
1.53c (2010 - 2022), was used to place the scale bars. One hundred cells from representative

photomicregraphs were randomly chosen for this measurement and for each treatment.

2.2.4. Macrophages polarization

The experiment was performed according to the method previously established by Ying
et al. [26]. Initially, C57BI/6 mice were anesthetized and euthanized to collect the left and right
femurs for medullary washes collection, using an icy PBS solution containing 2% Fetal Bovine
Serum (FBS). All animal experiments were conducted under the guidelines of the National
Institutes of Health and were approved by the Institutional Animal Care and Use Committee of
FCF/USP. Then the bone marrow pool was resuspended using 21G needles to dissociate the
cells and pass them through a 70 um cell strainer for removal of other tissues. The cells were
washed with NH4Cl 0.8% solution and incubated in ice for red cell removal. After centrifugation
for 5 min, 500 x g at 4 °C, the cells were resuspended with BMDM medium, composed of IMDM
(Iscove Modified Dulbecco Media), 20% L929 cell culture rich in monocyte growth factor (M-CSF)
and 10% of FBS. The cells were counted and plated at the concentration of 5 x105 cells/well in
24-well plate and maintained in BMDM medium for 7 days for cell differentiation. After this period,
and considering that this time provides 90% of macrophages differentiation, naive cells were
exposed to Escherichia coli (LPS) 100 ng/mL and maintained for 24h to generate the M1-
inflammatory phenotype macrophage. Treatments were performed with dexamethasone (500
ng/mL), MLNC-DHA (0.75 x 10" particles/mL) or MLNC-DHA-a1 (0.75 x 10" particles/mL
containing 200 pg/mL of Anti-PECAM-1). After 48 h, the supernatant was removed and cytokines
were analyzed by ELISA assay according to the manufacturer’s instructions. Single cell
suspensions were prepared at 2 X 107 cells/mL in staining buffer (10% FCS in PBS) and pre-
incubated with 1 pg of the 2.4G2 antibodies for 5-10 min on ice prior to staining. About 50 pL of

cell suspension (equal to 108 cells) were dispensed into each tube or well along with a previously
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determined optimal concentration of cell surface specific antibody against F4/80+ CD80 and
F4/80+ CD206 for differentiation of M1 and M2 macrophages respectively, in 50 pL of staining
buffer. Cell surface expression of these maturation markers was measured on a BD opteia™ kits

(BD Biosciences). The collected events were analyzed with FlowJo v7.6 (Treestar).

2.2.6. Statistical analysis

Data were presented as mean + SEM. Treatments were compared using one-way
ANOVA and Tukey HSD post-test or non-parametric Kruskal-Wallis ANOVA by Ranks, followed
by Multiple Comparisons (2-tailed). A p value of 0.05 was adopted to reject the null hypothesis.
Calculations will be performed using software Statistica v.13 (TIBCO Seftware Round Road, TX,

USA). Graphs were elaborated using R Studio software (Wickham, 2016).

3. Results

3.1. Cell viability

In a previous study, anti-PECAM-1-surface-functionalized metal-complex multi-wall
nanocapsules containing DHA as algae oil in their core (MLNC-DHA-a1) were for the first time
developed, and their uptake and toxicity evaluated in HUVECs at three concentrations: from to
0.14 x 10" to 2.90 x 10" nanoparticles/mL for 24h. It was cbserved that MLNC-DHA-a1 was
efficiently internalized by endothelial cells, without reduction of the number of viable cells when
compared with not treated cells and analyzed by Flow cytometry analysis of annexin V +
propidium iodide (PI) [21]. However, due to the use of immune cells in the sequence of this initial
study, we opted to reduce the nanocapsules concentration (0.14 x 10" to 1.40 x 101
nanoparticles/mL) to evaluate the toxicity in three types of cells, including again HUVEC, added
now of RAW 237 and U937 cells. Figure 1 shows the HUVEC viability when incubated with three
concentrations of nanocapsules LNC-DHA, MLNC-DHA and MLNC-DHA-a1(Fig. 1A) for 24h

compared with non-treated cells (NT) and also with isolated anti-PECAM-1. The viability ranged
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from 8214 +£7.69% to 91.34 = 2.93% after 24h, without difference from NT 88.87 + 5.09% (p=
0.73). No difference was observed among the treatments and NT in all concentrations
investigated in this study (Fig.1B). Similar results were observed after 48h and 72h
(Supplementary Figure 1).

It was also important to evaluate the toxicity of the nanocapsules towards the monocytes,
since the final objective would be to change the macrophages phenotype. Figure 2 presents the
cells viability of U937 cells incubated with three concentrations of each type of nanocapsules:
LNC-DHA, MLNC-DHA and MLNC-DHA-a1 (Fig. 2A) for 24h. As observed to HUVEC, the mean
U937 cells viability ranged from 85.08 + 1.34% tc 96.89 £1.38% at 24h, without difference from
control 95.24 £ 0.72% (p=0.96). No difference was observed among the treatments and NT in all
concentrations investigated in this study, neither (Fig.2B). Similar results were observed after 48h
and 72h (Supplementary Figure 2).

Finally, the toxicity of the nanocapsules was determined using RAW 2647 murine
macrophages (Figure 3). Results showed that the viability of the 264.7 murine macrophages
incubated with three concentrations of nanocapsules for 24h (Fig.3A), ranged from 52.36 =+
17.62% to 83.33 + 1.59%, did not differ among themselves or when compared with NT (74.33 £
9.29%) (p=0.39) (Fig. 3B). The same behavior was observed after 48 hand 72 h (Supplementary
Figure 3). Since nanocapsules did not show toxicity toward HUVEC, U937 and RAW 264.7 cells,
the uptake of LNC-DHA, MLNC-DHA and MLNC-DHA-a1 was evaluated at the concentration of
0.75 x 10" nanocapsules/mL, including a non-treated sample (NT). Figure 4 shows that all
nanocapsules were internalized as a damage-associated molecular pattern (DAMP) by the RAW
264.7 macrophages, according to the strategy proposed in our hypothesis. Figure § confirmed
that after MLNC-DHA and MLNC-DHA-a1 uptake, there was a reduction of TNF-a compared with
NT cells (p =0.07187), while no difference was cbserved to IL-10 (p=029). Regarding to the
macrophages polarization, the treatments with dexamethasone or with the nanocapsules did not
change M1 phenotype (p=0.25), while the MLNC-DHA-a1 enhanced (p <0.07) and MLNC-DHA
showed a strong trend to increase (p=0.06) M2 phenotype compared with NT cells, suggesting

the beneficial effect of our nanocapsule towards macrophages switch phenotype.
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4. Discussion

This study takes part of a project that proposed the development of a surface-
functionalized (anti-PECAM-1) metal-complex multi-wall nanocapsules containing algae oil as
DHA source (MLNC-DHA-a1). The idea was to apply anti-PECAM-1 to drive the nanocapsules to
the inflamed endothelium. Once arrived at the target tissue, the nanocapsules would be
recoghnized and phagocyted by immune cells as DAMPs. Finally, inside the immune cells
phagosomes and lysosomes, the nanocapsules would deliver DHA to be used as substrate to the
synthesis of oxyliping, able to switch the phenotype from M1 to M2, contributing in this way to
heal or stabilize the atherosclerctic pladues, as summarized in Figure 6.

Therefore, as the first challenge, the nanocapsules could not show adverse effects to
endothelial cells, monocytes or macrophages. Cur data showed that lipid-core nanocapsules
containing DHA (LNC-DHA), multi-wall nanocapsules containing DHA (MLNC-DHA) and the
surface-functionalized (anti-PECAM-1) metal-complex multi-wall nanccapsules containing DHA
(MLNC-DHA-a1) did not present any toxicity when evaluated at three concentrations (0.14, 0.75
and 1.40 x 10" nanocapsules/mL) in HUVEC, U937 and RAW 264.7 cells, after 24, 48 and 72h.

In fact, nanocapsules efficiency regarding to toxicity and ability to be phagocyted by
immune system cells, is a very complex subject that depend on many aspects, including carrier
components, excipients, impurities, therapeLtic content, shape, size, elasticity and surface
chemistry and charge [27]. Our results showed that the nanocapsules had no toxicity using an in
vitro assay. The nanocapsules were composed by poly(e-caprolactone), sorbitan monostearate,
zinc acetate, low molecular weight chitosan and polysorbate 80, as previously described [21].
These materials have been widely applied to synthesize nanoparticles without reported toxicity
even using animal models [22,23,28]. Moreover, lipid-core nanocapsules (LNC) containing poly(e-
caprolactone) were evaluated in Wistar rats at concentration of 115 x 1012 nanocapsules/mL/Kg
and showed no indications of cardiotoxicity [29]. Regarding to Anti-PECAM-1, only modest or
non-significant effects in response to antibodies to PECAM-1 were cbserved using a combination
of in vitro and in vivo techniques and employing human and mouse endothelial cells under
physiologic and pathologic conditions [30]. Considering that PECAM is normally expressed by

endothelium, it is expected that an anti-PECAM-1 was well tolerate, as reported before [31]. Cur
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results confirmed that the material applied to build the capsule wall and the anti-PECAM-1 applied
in the surface as targeted carrier did not show any significant toxicity to U937 nor RAW 264.7
cells. Moreover, the algae oil (DHASCO®, DSM) containing 35.13 £ 0.35 g/100g of DHA [21] used
to compose the lipid core was not sterilized or depyrogenated due to its very low oxidative stability.
It was also the reason by which algae oil instead of pure isolated DHA was applied to synthesize
the MLCN-DHA nanocapsules, since DHA is even more unstable than algae oil. Thus, our results
signalize that although non-sterilized, the algae oil applied in our study was safe to prepare
nanccapsules to be evaluated in further in vivo animal assays. However, any extrapolation from
in vitro data to /n vivo behavior should be done with caution [27].

In terms of phagocytosis and polarization, the shape and size of our nanocapsules may
also have contributed to their uptake by RAW macrophages. Our nanocapsules showed spherical
shape, size ranged from 159.12 £ 1.25 to 163.50 + 5.33 nm and all absolute values of zeta
potential lower than 14 mV, independent on the negative or positive coating [21]. It has been
reported that non-spherical and non-electrical charged carriers may circulate longer than similarly
sized spheres, cationic or anionic nanoparticles, due to reduced recognition by host defense cells
[27,32]. The capacity of RAW macrophages of engulfing booth MLNC-DHA and MLNC-DHA-a1
nanccapsules, as shown in Figure 4, may be the result of an equilibrium between their spherical
shape associated to non-ionic surface charge. This combination may influence their further
clinical application via vascular injection.

Once engulfed by the macrophage, the lipid content of the MLNC-DHA and MLNC-DHA-
a1 nanccapsules are hydrolyzed by lysosomal lipases, delivering non-esterified fatty acids
(NEFA) that bind to fatty acids binding proteins (FABPs) to be used for metabolic or signaling
pathways, including generation of lipid mediators [33,34]. Under TLR4 activation, there is a fast
decrease of polyunsaturated fatty acids cellular content due to increased phagocytic activity,
endoplasmic reticulum enlargement and synthesis of oxylipins [34]. Thus, it is supposed that the
DHA supplied by our nanccapsules is rapidly oxidized by cyclooxygenase, 5-lipoxygenase and
cytochrome P450 (CYP), leading to the synthesis of less inflammatory oxylipins, including
Specialized Pro-Resolving Mediators [34,35]. Following the proposal of applying the

nanocapsules as DHA carriers to the inflamed endothelium, our data showed that both MLNC-
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DHA and MLNC-DHA-a1 worked as DAMPs and were taken up by macrophages, reducing TNFa
concentration and promoting M2 polarization.

The immunomodulating effect of omega 3 fatty acids seems be mainly dependent on four
mechanisms: (15} the suppression of Nuclear factor kappa B (NFkB) signalling via G protein-
coupled receptor 120 (GPR-120) or as agenist of peroxisome proliferator-activated receptor-
gamma isoform (PPAR—y), (2"} suppression of the NLRP3 inflammasome pathway and
consequent IL-1B secretion, (3') replacing the substrate for pro-inflammatory eicosancid
synthesis and (4%) as precursors of SPMs [14,18, 20, 35, 36, 37]. All these well documented
mechanisms of omega 3 fatty acids contribute to reduce the systemic or tissue target
inflammation.

SPMs modulate the phenotype conwversion of M1 intc M2 macrophages, promoting
apoptosis and efferocytosis of inflammatory cells and may play a role in the resolution of
inflammation during plaque healing [12]. A supplementation composed by omega-3 fatty acids,
vitamin D3 and resveratrol was associated to an increased rate of macrophage polarization to the
M1-M2 type but only in patients with Apo E €3/ee allele, while the jn vitro stimulation by RvD1 was
effective in both groups, £3/ee and £3/e4 alleles [17], suggesting the role of SPMs on phenotype
change.

Based on fact that omega 3 fatty acids could decrease the levels of TNFa and NFkB in
various dystrophic muscles, mdx mice treated with omega 3 fatty acids by gavage during 16 days,
showed a reduction of metalloproteinase MMS gene expression, followed by an improvement of
muscle environment for repair, being these beneficial results associated to an increase of pro-
regenerative M2 macrophages and a decrease of M1 macrophages, when compared with mineral
oil supplementation [19]. Chang et al. [20] incubated murine macrophage RAW 264.7 with DHA
(20 uMj for 24h and observed that DHA increased the efferocytic activity through M2 polarization,
and pro-resolving effect appeared to be mediated by PPARYy activation. In another study, mice
were treated with omega 3 fatty acids (1.5 mg/g bw) via feeding needle 5 days before be subjected
to pressure overload to induce cardiac hypertrophy. The authors applied anti-iNOS and anti-
CD163 antibedies to evaluate M1 and M2 macrophages, respectively; and observed a higher
anti-CD163/anti-INOS  positive cell number ratio in the omega 3 fatty acids treated group

compared with vehicle [38]. In vitro assays, using transgenic fat-1 mice fed a high-fat diet for 10
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weeks, indicated that omega 3 fatty acids stimulates M2 and suppressed M1 polarization also in
adipocyte, being this result followed of a reduction of TNFaq, IL-6 and MCP-1 [18]. This fact is
important because there is evidence that macrophage polarization in surrounding epicardial
adipose tissue, could influence the progression of coronary atherosclerosis in humans [14].

In our study, it was not observed difference of M1 percentage as measured using F4/80+
CD80 marker (Fig. 5C) nor regarding to IL-10 concentrations, found typically in lower levels in M1
phenotype (Fig. 5B) [14,15]. In addition, dexamethasone did work as control of the assay, since
no difference was observed to all markers when compared with LPS group. Dexamethasone is
potent immunosuppressant that inhibits the cytokine production induced by bacterial
lipopolysaccharides [39]. Thus, although the nanocapsules results are optimistic, more assays
should be carried out to confirm this expectative.

Taking into account the strong M2 polarization showed by MLNC-DHA-a1 (7.04%)
compared with LPS (0.30%), as measured using F4/80+ CD206 marker (Fig. 5D), followed by
reduced secretion of TNFa (Fig. 5A) observed to both MLNC-DHA and MLNC-DHA-a1, our
results suggest that DHA present in the algae oil that composed the lipid core of the nanocapsules
has potential to reduce the inflammatory microenvironment and improve macrophage
functionality. This is the first biological study in which a surface-functionalized (anti-PECAM-1)
metal-complex multi-wall nanccapsules containing algae oil as DHA source (MLNC-DHA-a1) was
evaluated in terms of capacity of modulate the macrophages phenotype. According to Chinetti-
Ghaguidi et al. [14], macrephage phenotypes should be characterized on the basis of cell surface
marker expression combined with functional studies. Thus, in the next steps of this project, other
cell markers and controls would be evaluated aiming to confirm the effect of our nanocapsules

toward M2 polarization and their potential to promote tissue repair and healing.

5. Conclusion

Cur results suggest that DHA richer algae oil as part of the lipid core of the nanocapsules

did not reduce cells viability and improved the macrophage phenotype, being a potential therapy

to control chronic inflammation and heal or stabilize atherosclerctic plaques.
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Figure 1. HUEVEC viability, necrosis, apoptosis and late apoptosis as estimated by flow cytometry after culturing
incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three concentrations (0.14 x 10", 0.75 x 10" and 1.40 x
10" /mL), also incubated without any nanocapsules (NT) and isolated anti-PECAM-1 at 200 ug/mL for 24h. Fig.1A:
Flow cytometry colocalization of annexin-V binding and propidium iodine uptake for quantitation of HUVEC incubated
with MLNC-DHA-a1, as example. The horizontal axis depicts fluorescein-labeled annexin V; the vertical axis shows
binding of propidium iodide fluorescence. Fig.1B: Proportion of HUEVEC viability, necrosis, apoptosis and late
apoptosis. Vertical bars are mean + SEM. No difference was observed among the samples according to cell viability (p=

0.73) necrosis (p= 0.92), apoptosis (p= 0.57) and late apoptosis (p= 0.94) by Kruskal Wallis analysis.
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Figure 2. U937 cells viability, necrosis, apoptosis and late apoptosis as estimated by flow cytometry after culturing
incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three concentrations (0.14 x 10", 0.75x 10" and 1.40 x
10" /mL), also incubated without any nanocapsules (NT) and isolated anti-PECAM-1 at 200 pg/mL for 24h. Fig.2A:
Flow cytometry colocalization of annexin-V binding and propidium iodine uptake for quantitation of U937 cells incubated
with MLNC-DHA-a1, as example. The horizontal axis depicts fluorescein-labeled annexin V; the vertical axis shows
binding of propidium iodide fluorescence. Fig.2B: Proportion of U937 cells viability, necrosis, apoptosis and late
apoptosis. Vertical bars are mean £ SEM. No difference was observed among the samples according to cell viability (p=
0.96) necrosis (p= 0.87), apoptosis (p= 0.94) and late apoptosis (p= 0.94) by Kruskal Wallis analysis.
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Figure 3. RAW 264.7 murine macrophages viability, necrosis, apoptosis and late apoptosis as estimated by flow
cytometry after culturing incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three concentrations (0.14 x 10",
0.75 x 10" and 1.40 x 10" /mL), also incubated without any nanocapsules (NT) and isolated anti-PECAM-1 at 200
Hg/mL for 24h. Fig.2A: Flow cytometry colocalization of annexin-V binding and propidium iodine uptake for quantitation
of RAW 264.7 murine macrophages incubated with MLNC-DHA-a 1, as example. The horizontal axis depicts fluorescein-
labeled annexin V; the vertical axis shows binding of propidium iodide fluorescence. Fig.2B: Proportion of RAW 264.7
murine macrophages viability, necrosis, apoptosis and late apoptosis. Vertical bars are mean £ SEM. No difference was
observed among the samples according to cell viability (p= 0.34), necrosis (p= 0.66), apoptosis (p= 0.75) and late
apoptosis (p= 0.48) by Kruskal Wallis analysis.
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Figure 4. Three-dimensional Cytoviva microscopy images of uptake performed in RAW 264.7 murine macrophages
after 2 h of incubation with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at 0.75 x 10" /mL, and also incubated without

any nanocapsules (NT). Scale barr: 15 pm.
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Figure 5. Flow cytometric analysis to quantify cytokines and polarization in cells obtained from the bone marrow,

exposed to Escherichia coli (LPS) 100 ng/mL and maintained for 24h to provide RAW 264.7 murine macrophages.
Assays were performed with dexamethasone (500 ng/mL) (DEXA), MLNC-DHA (0.75 x 10 " particles/mL), MLNC-
DHA-a1 (0.75 x 10 11 particles/mL containing 200 pg/mL of Anti-PECAM-1 and without any treatment (NT) for 48h. Fig
5A; TNFa (pg/mL); p=0.02; Fig.5B: IL-10 (pg/mL); p=0.29; Fig 5C: Percentage of F4/80+ CD80 double positive cells
(M1), (p=0.25) and Fig 8D: Percentage of F4/80+ and CD206 double positive cells (M2), (p<0.07). Vertical bars are

mean £ SEM. Treatments were compared by One-way ANOVA and Tukey HSD or equivalent non parametric Kruskal

Wallis analysis.
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Figure 6. Summary of the strategy proposed in this study. The surface-functionalized (anti-PECAM-1) metal-complex
multi-wall nanocapsules containing algae oil as DHA source (MLNC-DHA-a1) could be internalized by the macrophages,

promoting a higher DHA/AA ratio inside the cell compared with non-treated samples. As consequence, MLNC-DHA-a1

supplemented cells would show an anti-inflammatory condition associated to M2 polarization, leading to a higher plague

stability.
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Supplementary Figure 1. HUEVEC viability, necrosis, apoptosis and late apoptosis as estimated by flow cytometry
after culturing incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three concentrations (0.14 x 10" /mL, 0.75
x 10'""/mL and 1.40 x 10" /mL), also incubated without any nanocapsules (NT) and isolated anti-PECAM-1 at 200 ug/mL
for 48h. Fig.1A: Flow cytometry colocalization of annexin-V binding and propidium iodine uptake for quantitation of
HUVEC incubated with MLNC-DHA-a1, as example. The horizontal axis depicts fluorescein-labeled annexin V; the
vertical axis shows binding of propidium iodide fluorescence. Fig.1B: Proportion of HUEVEC viability, necrosis,
apoptosis and late apoptosis. Vertical bars are mean + SEM. No difference was observed among the samples according
to cell viability (p= 0.98) necrosis (p= 0.96), apoptosis (p= 0.81) and late apoptosis (p= 0.99) by Kruskal Wallis analysis.
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Supplementary Figure 2. HUEVEC viability, necrosis, apoptosis and late apoptosis as estimated by flow cytometry
after culturing incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three concentrations (0.14 x 10" /mL, 0.75
x 10" /mL and 1.40 x 10" /mL), also incubated without any nanocapsules (NT) and isolated anti-PECAM-1 at 200 pg/mL
for 72h. Fig.2A: Flow cytometry colocalization of annexin-V binding and propidium iodine uptake for quantitation of
HUVEC incubated with MLNC-DHA-a1, as example. The horizontal axis depicts fluorescein-labeled annexin V; the
vertical axis shows binding of propidium iodide fluorescence. Fig.2B: Proportion of HUEVEC viability, necrosis,
apoptosis and late apoptosis. Vertical bars are mean + SEM. No difference was observed among the samples according

to cell viability {(p= 0.87) necrosis (p= 0.76), apoptosis (p= 0.99) and late apoptosis (p= 0.43) by Kruskal Wallis analysis.



86

A B

Necrosis Late apoptosis 100
5% 36%

o

An x Av/PI labeling (%)

A
Live cells Apoptosis 0.25
- Jo4 4% - £ <
& U T T O (T T TowT (T T
m 2 wl-2
Anx V-A
0.00
0.14 0.75 1.40 0.14 0.75 1.40 0.14 0.75 1.40 NT
Pecam-1 LNC-DHA MLNC-DHA MLNC-DHA-a1
200 pg/mL x10"/mL X 10"/mL X 10"/mL

. Viable cells Apoptosis . Late Apoptasis. Necrosis

Supplementary Figure 3. U937 cells viability, necrosis, apoptosis and late apoptosis as estimated by flow cytometry
after culturing incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three concentrations (0.14 x 10" /mL, 0.75
x 10" /mL and 1.40 x 10" /mL), also incubated without any nanocapsules (NT) and isolated anti-PECAM-1 at 200 pug/mL
for 48h. Fig.3A: Flow cytometry colocalization of annexin-V binding and propidium iodine uptake for quantitation of U937
cells incubated with MLNC-DHA-a1, as example. The horizontal axis depicts fluorescein-labeled annexin V; the vertical
axis shows binding of propidium iodide fluorescence. Fig.3B: Proportion of U937 cells viability, necrosis, apoptosis and
late apoptosis. Vertical bars are mean £ SEM. No difference was observed among the samples according to cell viability
(p= 0.73) necrosis (p= 0.99), apoptosis (p= 0.92) and late apoptosis (p= 0.97) by Kruskal Wallis analysis.
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Supplementary Figure 4. U937 cells viability, necrosis, apoptosis and late apoptosis as estimated by flow cytometry
after culturing incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three concentrations (0.14 x 10" /mL, 0.75
x 10" /mL and 1.40 x 10'1/mL), also incubated without any nanocapsules (NT) and isolated anti-PECAM-1 at 200 pg/mL
for 72h. Fig.4A: Flow cytometry colocalization of annexin-V binding and propidium iodine uptake for quantitation of
U937 cells incubated with MLNC-DHA-a1, as example. The horizontal axis depicts fluorescein-labeled annexin V; the
vertical axis shows binding of propidium iodide fluorescence. Fig.4B: Proportion of U937 cells viability, necrosis,
apoptosis and late apoptosis. Vertical bars are mean + SEM. No difference was cbserved among the samples according

to cell viability (p= 0.33) necrosis (p= 0.98), apoptosis (p= 0.89) and late apoptosis (p= 0.45) by Kruskal Wallis analysis.



88

A B
g Late apoptosis 1.00 1
2,0%
li
075
% =
£
— 0.501
R a
: z
1 Apopt %
optosis| ¢,
- b0 025
W W Wt W Wb Wl2
Anx V-A
0.00
0.14 0.75 1.40 0.14 0.75 1.40 0.14 0.75 1.40 NT
Pecam-1 LNC-DHA MLNC-DHA MLNC-DHA-a1
200 pg/mL x 10"/mL x 10"/mL x 101/mL

. Viable cells Apoptoms- Late Apoptosis- Necrosis

Supplementary Figure 5. RAW 264.7 murine macrophages viability, necrosis, apoptosis and late apoptosis as
estimated by flow cytometry after culturing incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three
concentrations (0.14 x 10" /mL, 0.75 x 10" /mL and 1.40 x 10" /mL), also incubated without any nanocapsules (NT)
and isolated anti-PECAM-1 at 200 pg/mL for 48h. Fig.BA: Flow cytometry colocalization of annexin-V binding and
propidium iodine uptake for quantitation of RAW 264.7 murine macrophages incubated with MLNC-DHA-a1, as
example. The horizontal axis depicts fluorescein-labeled annexin V; the vertical axis shows binding of propidium iodide
fluorescence. Fig.5B: Proportion of RAW 264.7 murine macrophages viability, necrosis, apoptosis and late apoptosis.
Vertical bars are mean £ SEM. No difference was observed among the samples accerding to cell viability (p= 0.25)

necrosis (p= 0.77), apoptosis (p= 0.43) and late apoptosis (p= 0.16) by Kruskal Wallis analysis.
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Supplementary Figure 6. RAW 264.7 murine macrophages viability, necrosis, apoptosis and late apoptosis as
estimated by flow cytometry after culturing incubated with LNC-DHA, MLNC-DHA and MLNC-DHA-a1 at three
concentrations (0.14 x 10" /mL, 0.75 x 10'"/mL and 1.40 x 10" /mL), also incubated without any nanocapsules (NT)

and isolated anti-PECAM-1 at 200 pg/mL for 72h. Fig.6A: Flow cytometry colocalization of annexin-V binding and

propidium iodine uptake for quantitation of RAW 264.7 murine macrophages incubated with MLNC-DHA-a1, as

example. The horizontal axis depicts fluorescein-labeled annexin V; the vertical axis shows binding of propidium iodide

fluorescence. Fig.6B: Proportion of RAW 264.7 murine macrophages viability, necrosis, apoptosis and late apoptosis.

Vertical bars are mean + SEM. No difference was observed among the samples according to cell viability (p= 0.59),

necrosis (p= 0.78), apoptosis (p= 0.97) and late apoptosis (p= 0.18) by Kruskal Wallis analysis.
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FINAL COMMENTS

Although drug treatment for atherosclerosis has great effectiveness, cardiovascular
diseases still remain in the first cause of mortality worldwide. Omega-3 fatty acids have anti-
inflammatory effects that can contribute to reduce the cardiovascular diseases. In particular,
DHA-derived oxylipins can switch M1 to M2 macrophages phenotype, potentially increasing
the atherosclerotic plaque stability, and reducing sudden fatal events. However, one of the
biggest scientific challenge is to deliver DHA to the inflamed endothelium, where the plaque
Is present. In this sense, we developed a stable nanoparticle functionalized with anti-
PECAM-1 on its surface and containing DHA richer oil in its lipid core and observed
promising results regarding to the macrophages polarization. For the next steps, new
challenges must be overcome, including aggregation risk in the circulation, biodistribution,
and in vivo anti-inflammatory effects with consequent plague regression. It is worth to
highlight that although our research represents a hopeful therapeutic strategy, classical
guidelines recommendations to control atherosclerosis risks must be strongly followed by

patients under primary or secondary prevention.
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manuten¢do ou utilizagdo de animais pertencentes ao filo Chordata, subfilo
Vertebrata (exceto humanos), para fins de pesquisa cientifica — encontra-se de
acordo com os preceitos da Lei Federal n° 11.794, de 8 de outubro de 2008, do
Decreto Federal n° 6.899, de 15 de julho de 2009, e das normas editadas pelo
Conselho Nacional de Controle de Experimentagdo Animal (CONCEA), e foi
aprovada pela Comissao de Etica no Uso de Animais (CEUA) da Faculdade de
Ciéncias Farmacéuticas da Universidade de Sao Paulo (FCF/USP), em reuniao
de 11 de maio de 2018.

Finalidade - Pesquisa Cientifica

Vigéncia da autorizacéo | 11/05/2018 a 31/08/2019
Espécie/linhagem/raca | Camundongo — C57/BL6 knockout LDLr
Numero de animais 80

Peso/ldade 20g; 3 meses
Sexo Macho
Origem 7 Biotério FCF/IQ- USP

Conforme a legislagéo vigente, devera ser apresentado, no
encerramento do projeto de pesquisa, o respectivo relatério final.

Sao Paulo, 11 de maio de 2018.

Profa. Dra. ariko Aymoto Hassimotto
300 enadora da CEUA/FCF/USP

Av. Prof. Lineu Prestes, 580, Bloco 13 A, Cidade Universitaria, CEP 05508-800, Sao Paulo, SP
Telefone: (11) 3091 3622 - e-mail: ceuafcf@usp.br
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Ledo, M. D. C., Pohlmann, A. R, Alves, A. D. C. S,, Farsky, S. H. P., Uchiyama, M. K., Araki, K., ...
& Castro, I. A. (2021). Docosahexaenoic acid nanoencapsulated with anti-PECAM-1 as co-therapy
for atherosclerosis regression. European Journal of Pharmaceutics and Biopharmaceutics, 159, 99-
107.

Ledo, M. D. C., Piazza, I. D., Broering, M. F., Farsky, S. H. P., Uchiyama, M. K., Araki, K., Pohlmann,
A. R., Guterres, S. S., Castro, I. A. (2022). Effect of anti-PECAM-1 vectorized nanocapsules
containing docosahexaenoic acid on macrophages polarization. Manuscript currently under revision at

“European Journal of Pharmaceutics and Biopharmaceutics”.

Co-authorship

Rogero, M. M., Ledo, M. D. C., Santana, T. M., de MB Pimentel, M. V., Carlini, G. C., da Silveira, T. F., ... &
Castro, I. A. (2020). Potential benefits and risks of omega-3 fatty acids supplementation to patients with
COVID-19. Free radical biology and medicine, 156, 190-199.

Broering, M. F., Leao, M. D. C., Rocha, G. H. O., Scharf, P. R. S., Alves, A. C. S., Castro, I. A,
Reutelingsperger, C., Guterrez, S. S., Polhmann, A. R., Farsky, S. H. P. (2022). Development of Annexin Al-
surface-functionalized metal-complex multi-wall lipid core nanocapsules and effectiveness on experimental

colitis. Manuscript currently under revision at “European Journal of Pharmaceutics and Biopharmaceutics”.

INTERNATIONAL SCIENTIFIC MEETINGS ATTENDED

EAS CONGRESS - 88" — European Atherosclerosis Society (poster presentation). October 04-07
(2020).

EAS CONGRESS - 89" — European Atherosclerosis Society (poster presentation). May 30 — June
2 (2021).
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