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RESUMO 

LEAO, M. C. Ácido graxo docosahexaenoico nanoencapsulado com anti-PECAM-1 como uma 

estratégia para aumentar a estabilidade de placas ateroscleróticas. 2022. 97f. Tese 

(Doutorado) – Faculdade de Ciências Farmacêuticas, Universidade de São Paulo, São Paulo, 2022.   

 

As doenças cardiovasculares (DCVs) são a principal causa de mortalidade no mundo, sendo os 

eventos isquêmicos responsáveis por 85% das mortes. A aterosclerose é uma inflamação crônica 

das artérias associada aos eventos isquêmicos das DCVs, na qual o sistema imunológico inato e 

adaptativo estão envolvidos desde a formação inicial das estrias gordurosas até a ruptura das 

placas ateroscleróticas. Pesquisas recentes direcionadas à redução da inflamação sistêmica têm 

mostrado resultados controversos, pois essa abordagem pode aumentar a susceptibilidade do 

paciente a infecções. Nesse sentido, novas estratégias direcionadas ao tecido lesionado são 

necessárias. No que se refere a medicamentos anti-inflamatórios ou suplementos alimentares, o 

ácido docosaexaenóico (DHA) tem sido relatado como um precursor natural de oxilipinas pró-

resolutivas. Baseado nesse contexto, o objetivo deste estudo foi desenvolver nanocápsulas 

contendo óleo de alga como fonte de DHA e vetorizar essas nanopartículas com o anticorpo anti-

PECAM-1 em sua superfície, visando direcioná-las ao endotélio inflamado. Inicialmente, a 

nanocápsula multiparede metal-complexa funcionalizada contendo óleo de alga em seu núcleo 

(MLNC-DHA-a1) foi desenvolvida, apresentando um diâmetro médio de 163 ± 5 nm, formato 

esférico, onde a eficiência de conjugação do anti-PECAM-1 (200 µg/mL) foi de 94,80% sem 

toxicidade significativa em HUVECs nas concentrações de 1.14 a 2.9 x 1011 nanocápsulas/mL. As 

nanocápsulas apresentaram uma estabilidade de 2h, o que representa tempo suficiente para a sua 

aplicação clínica. A seguir, ensaios de viabilidade celular foram realizados em outras linhagens de 

células para avaliar a toxicidade das nanocápsulas.  As concentrações de 0.14 a 1.40 x 1011 de 

nanocápsulas/mL não afetaram significativamente a viabilidade celular de macrófagos murinos 

imortalizados (RAW 264.7) e U-937 após 24, 48 e 72 h de tratamento. Por fim, os macrófagos (RAW 

264.7) foram incubados com 0.75 x 1011 MLNC-DHA-a1/mL durante 4 h e apresentam uma captação 

significativa das nanocápsulas, observada por microscopia hiperespectral de campo escuro 

(CytoViva®). Uma vez captadas pelos macrófagos murinos imortalizados (RAW 264.7), as 

nanoformulações MLNC-DHA-a1 promoveram um forte aumento da polarização do fenótipo M2 em 

comparação com as células controle não tratadas. Nossos resultados sugerem que o óleo de alga 

rico em DHA presente no núcleo lipídico das nanocápsulas, não reduziu a viabilidade celular e 

estimulou uma maior polarização de macrófagos para o tipo M2, sendo assim uma terapia potencial 

para controlar a inflamação crônica e cicatrizar ou estabilizar placas ateroscleróticas.  

 

Palavras-chave: Aterosclerose, nanocápsulas, ácido docosahexaenoico, polarização, inflamação.  

 



 
 

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 São Paulo, São 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-a1) was developed. This nanocapsules 

presented a mean diameter of 163 ± 5 nm, was spherical in shape, showed 94.80% conjugation 

efficiency using 200 µg/mL of anti-PECAM-1 on the surface, and did not show significant toxicity 

toward HUVECs at concentrations from 0.14 to 2.90x1011 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 1.40x1011 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 0.75x1011 MLNC-DHA-a1 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-a1 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 plaques. 

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-a1, surface-functionalized metal-complex multi-wall 

nanocapsules containing algae oil; N3FA, omega 3 fatty acids; NF-κB, 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; PMNs, 

polymorphonuclear neutrophils; PPARγ, transcriptor factor Peroxisome proliferator-

activated receptor γ; 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-α) (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 γ (PPARγ) that suppress 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), 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-α, 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-a1) 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). 

 

 

  

 

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-α), 

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 & CAMARÉ, 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-ƙB 

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 nanoparticles 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 nanoparticles 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 PPARγ 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.  

 

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 

PUFAs). 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-1β and 

TNFα (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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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, PPARα/γ, GPR120 and TGF-β signaling (Adapted from Endo & Arita, 2016).  
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Particularly regarding to DHA, it has been reported that DHA induces PPARγ, 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-1β, 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-1β 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 (PMNs) 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 c (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 & LÓPEZ-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 & López-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 plaques 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 plaques 

(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 

plaques.   

 

 

Figure 5: The imbalance between lipid mediators can promote instability of atherosclerotic plaques. 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 plaques. 

 

 

 



27 
 

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-GONZÁLEZ 

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. 
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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.  

 

 

 

 

 

 

 

 

 

 



31 
 

REFERENCES 

ADAY, Aaron W.; RIDKER, Paul M. Antiinflammatory therapy in clinical care: the CANTOS 

trial and beyond. Frontiers in cardiovascular medicine, v. 5, p. 62, 2018. 

ALLAIRE, Janie et al. Randomized, crossover, head-to-head comparison of EPA and DHA 

supplementation to reduce inflammation markers in men and women: the Comparing EPA 

to DHA Study. Am J Clin Nutr, v. 104, n. 2, p. 280-7, 2016. 

ANTONOW, Michelli B. et al. Arginylglycylaspartic acid-surface-functionalized doxorubicin-

loaded lipid-core nanocapsules as a strategy to target alpha (V) beta (3) integrin expressed 

on tumor cells. Nanomaterials, v. 8, n. 1, p. 2, 2017. 

BAKER, Ella J. et al. Omega-3 fatty acids and leukocyte-endothelium adhesion: Novel anti-

atherosclerotic actions. Molecular Aspects of Medicine, v. 64, p. 169-181, 2018. 

BENJAMIN, Emelia J. et al. Heart disease and stroke statistics—2019 update: a report from 

the American Heart Association. Circulation, v. 139, n. 10, p. e56-e528, 2019. 

BHOWMICK, Tridib et al. Effect of flow on endothelial endocytosis of nanocarriers targeted 

to ICAM-1. Journal of Controlled Release, v. 157, n. 3, p. 485-492, 2012. 

BRENNAN, Eoin et al. Pro-resolving lipid mediators: Regulators of inflammation, 

metabolism and kidney function. Nature Reviews Nephrology, v. 17, n. 11, p. 725-739, 

2021. 

CALDER, Philip C. Is increasing microbiota diversity a novel anti-inflammatory action of 

marine n–3 fatty acids?. The Journal of Nutrition, v. 149, n. 7, p. 1102-1104, 2019. 

CALDER, Philip C. Mechanisms of action of (n-3) fatty acids. The Journal of nutrition, v. 

142, n. 3, p. 592S-599S, 2012. 



32 
 

CALDER, Philip C. Omega‐3 polyunsaturated fatty acids and inflammatory processes: 

nutrition or pharmacology?. British journal of clinical pharmacology, v. 75, n. 3, p. 645-

662, 2013. 

CALIGIURI, Giuseppina. CD31 as a therapeutic target in atherosclerosis. Circulation 

Research, v. 126, n. 9, p. 1178-1189, 2020. 

CAO, Gaoyuan et al. Involvement of human PECAM-1 in angiogenesis and in vitro 

endothelial cell migration. American Journal of Physiology-Cell Physiology, v. 282, n. 5, 

p. C1181-C1190, 2002. 

CHANG, Hae Y. et al. Docosahexaenoic acid induces M2 macrophage polarization through 

peroxisome proliferator-activated receptor γ activation. Life sciences, v. 120, p. 39-47, 

2015. 

CHISTIAKOV, Dimitry A. et al. Paraoxonase and atherosclerosis-related cardiovascular 

diseases. Biochimie, v. 132, p. 19-27, 2017. 

DAVID, Samuel; LÓPEZ-VALES, Rubén. Bioactive lipid mediators in the initiation and 

resolution of inflammation after spinal cord injury. Neuroscience, v. 466, p. 273-297, 2021. 

DING, Bi-Sen et al. Prophylactic thrombolysis by thrombin-activated latent prourokinase 

targeted to PECAM-1 in the pulmonary vasculature. Blood, The Journal of the American 

Society of Hematology, v. 111, n. 4, p. 1999-2006, 2008. 

DJURICIC, Ivana; CALDER, Philip C. Beneficial outcomes of omega-6 and omega-3 

polyunsaturated fatty acids on human health: an update for 2021. Nutrients, v. 13, n. 7, p. 

2421, 2021. 



33 
 

FREDMAN, Gabrielle et al. An imbalance between specialized pro-resolving lipid mediators 

and pro-inflammatory leukotrienes promotes instability of atherosclerotic plaques. Nature 

communications, v. 7, n. 1, p. 1-11, 2016. 

FREDMAN, Gabrielle et al. Targeted nanoparticles containing the proresolving peptide Ac2-

26 protect against advanced atherosclerosis in hypercholesterolemic mice. Science 

translational medicine, v. 7, n. 275, p. 275ra20-275ra20, 2015. 

FREDMAN, Gabrielle; MACNAMARA, Katherine C. Atherosclerosis is a major human killer 

and non-resolving inflammation is a prime suspect. Cardiovascular Research, v. 117, n. 

13, p. 2563-2574, 2021. 

FULLERTON, James N.; GILROY, Derek W. Resolution of inflammation: a new therapeutic 

frontier. Nature reviews Drug discovery, v. 15, n. 8, p. 551-567, 2016. 

GALISTEO-GONZÁLEZ, F. et al. Albumin-covered lipid nanocapsules exhibit enhanced 

uptake performance by breast-tumor cells. Colloids and Surfaces B: Biointerfaces, v. 

165, p. 103-110, 2018. 

GORDON, Siamon; MARTINEZ, Fernando O. Alternative activation of macrophages: 

mechanism and functions. Immunity, v. 32, n. 5, p. 593-604, 2010. 

GROSSO, Giuseppe et al. Anti-Inflammatory Nutrients and Obesity-Associated Metabolic-

Inflammation: State of the Art and Future Direction. Nutrients, v. 14, n. 6, p. 1137, 2022. 

HALADE, Ganesh V.; LEE, Dae H. Inflammation and resolution signaling in cardiac repair 

and heart failure. EBioMedicine, v. 79, p. 103992, 2022. 

HU, Dan et al. Targeting macrophages in atherosclerosis. Current Pharmaceutical 

Biotechnology, v. 22, n. 15, p. 2008-2018, 2021. 



34 
 

JOFFRE, Corinne et al. N-3 polyunsaturated fatty acids and their derivates reduce 

neuroinflammation during aging. Nutrients, v. 12, n. 3, p. 647, 2020. 

KARUNAKARAN, Denuja; RAYNER, Katey J. Macrophage miRNAs in 

atherosclerosis. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of 

Lipids, v. 1861, n. 12, p. 2087-2093, 2016. 

KASIKARA, Canan et al. The role of non-resolving inflammation in atherosclerosis. The 

Journal of clinical investigation, v. 128, n. 7, p. 2713-2723, 2018. 

KAWANO, Aki et al. Docosahexaenoic acid enhances M2 macrophage polarization via the 

p38 signaling pathway and autophagy. Journal of cellular biochemistry, v. 120, n. 8, p. 

12604-12617, 2019. 

KOJIMA, Yoko; WEISSMAN, Irving L.; LEEPER, Nicholas J. The role of efferocytosis in 

atherosclerosis. Circulation, v. 135, n. 5, p. 476-489, 2017. 

KRISHNAN‐SIVADOSS, Indumathi et al. Heat shock protein 60 and cardiovascular 

diseases: An intricate love‐hate story. Medicinal Research Reviews, v. 41, n. 1, p. 29-71, 

2021. 

LERTKIATMONGKOL, Panida et al. Endothelial functions of PECAM-1 (CD31). Current 

opinion in hematology, v. 23, n. 3, p. 253, 2016. 

LI, Min et al. Programmed cell death in atherosclerosis and vascular calcification. Cell Death 

& Disease, v. 13, n. 5, p. 1-13, 2022. 

LIBBY, Peter et al. Inflammation in atherosclerosis: from pathophysiology to 

practice. Journal of the American college of cardiology, v. 54, n. 23, p. 2129-2138, 2009. 



35 
 

LIBBY, Peter. Inflammation during the life cycle of the atherosclerotic 

plaque. Cardiovascular Research, v. 117, n. 13, p. 2525-2536, 2021. 

LIBBY, Peter. Inflammation in atherosclerosis—no longer a theory. Clinical chemistry, v. 

67, n. 1, p. 131-142, 2021. 

LIBBY, Peter; EVERETT, Brendan M. Novel antiatherosclerotic 

therapies. Arteriosclerosis, thrombosis, and vascular biology, v. 39, n. 4, p. 538-545, 

2019. 

MALIK, Ihtzaz A. et al. Role of PECAM‐1 in radiation‐induced liver inflammation. Journal of 

cellular and molecular medicine, v. 19, n. 10, p. 2441-2452, 2015. 

MANTOVANI, Antonio S. et al. Macrophage plasticity and polarization: in vivo veritas. The 

Journal of clinical investigation, v. 122, n. 3, p. 787-795, 2012. 

MIGLIACCIO, Silvia et al. Environmental Contaminants Acting as Endocrine Disruptors 

Modulate Atherogenic Processes: New Risk Factors for Cardiovascular Diseases in 

Women?. Biomolecules, v. 12, n. 1, p. 44, 2021. 

MOORE, Kathryn J.; TABAS, Ira. The cellular biology of macrophages in 

atherosclerosis. Cell, v. 145, n. 3, p. 341, 2011. 

MOORE, Kathryn J.; SHEEDY, Frederick J.; FISHER, Edward A. Macrophages in 

atherosclerosis: a dynamic balance. Nature Reviews Immunology, v. 13, n. 10, p. 709-

721, 2013. 

NOVAK, Margaret L.; KOH, Timothy J. Macrophage phenotypes during tissue 

repair. Journal of leukocyte biology, v. 93, n. 6, p. 875-881, 2013. 



36 
 

OTSUKA, Fumiyuki et al. Natural progression of atherosclerosis from pathologic intimal 

thickening to late fibroatheroma in human coronary arteries: a pathology 

study. Atherosclerosis, v. 241, n. 2, p. 772-782, 2015. 

OLIVEIRA, Jessica F. A. et al. Dual functionalization of nanoparticles for generating corona-

free and noncytotoxic silica nanoparticles. ACS Applied Materials & Interfaces, v. 10, n. 

49, p. 41917-41923, 2018. 

PADDOCK, Cathy et al. Structural basis for PECAM-1 homophilic binding. Blood, The 

Journal of the American Society of Hematology, v. 127, n. 8, p. 1052-1061, 2016. 

PATEL, Ravi B. et al. Circulating Vascular Cell Adhesion Molecule‐1 and Incident Heart 

Failure: The Multi‐Ethnic Study of Atherosclerosis (MESA). Journal of the American Heart 

Association, v. 9, n. 22, p. e019390, 2020. 

RAHMAN, Karishma et al. Inflammatory Ly6C hi monocytes and their conversion to M2 

macrophages drive atherosclerosis regression. The Journal of clinical investigation, v. 

127, n. 8, p. 2904-2915, 2017. 

REN, Jun et al. Endoplasmic reticulum stress and unfolded protein response in 

cardiovascular diseases. Nature Reviews Cardiology, v. 18, n. 7, p. 499-521, 2021. 

RIDKER, Paul M. et al. Inhibition of interleukin-1β by canakinumab and cardiovascular 

outcomes in patients with chronic kidney disease. Journal of the American College of 

Cardiology, v. 71, n. 21, p. 2405-2414, 2018. 

ROY, Payel; ORECCHIONI, Marco; LEY, Klaus. How the immune system shapes 

atherosclerosis: roles of innate and adaptive immunity. Nature reviews Immunology, v. 22, 

n. 4, p. 251-265, 2022. 



37 
 

SALVAYRE, Robert; NEGRE-SALVAYRE, Anne; CAMARÉ, Caroline. Oxidative theory of 

atherosclerosis and antioxidants. Biochimie, v. 125, p. 281-296, 2016. 

SERHAN, Charles N. Resolution phase of inflammation: novel endogenous anti-

inflammatory and proresolving lipid mediators and pathways. Annu. Rev. Immunol., v. 25, 

p. 101-137, 2007. 

SHEMESH, Elad; ZAFRIR, Barak. Hypertriglyceridemia-related pancreatitis in patients with 

type 2 diabetes: links and risks. Diabetes, metabolic syndrome and obesity: targets and 

therapy, v. 12, p. 2041, 2019. 

SHIBABAW, Tewodros. Omega-3 polyunsaturated fatty acids: anti-inflammatory and anti-

hypertriglyceridemia mechanisms in cardiovascular disease. Molecular and Cellular 

Biochemistry, v. 476, n. 2, p. 993-1003, 2021. 

SHUVAEV, Vladimir V. et al. Anti-inflammatory effect of targeted delivery of SOD to 

endothelium: mechanism, synergism with NO donors and protective effects in vitro and in 

vivo. PLoS One, v. 8, n. 10, p. e77002, 2013. 

SONVICO, Fabio et al. Surface-modified nanocarriers for nose-to-brain delivery: from 

bioadhesion to targeting. Pharmaceutics, v. 10, n. 1, p. 34, 2018. 

SPITE, Matthew; CLÀRIA, Joan; SERHAN, Charles N. Resolvins, specialized proresolving 

lipid mediators, and their potential roles in metabolic diseases. Cell metabolism, v. 19, n. 

1, p. 21-36, 2014. 

STEVENS, Hazel Y. et al. PECAM-1 is a critical mediator of atherosclerosis. Disease 

models & mechanisms, v. 1, n. 2-3, p. 175-181, 2008. 



38 
 

THOTA, Rohith N. et al. Science behind the cardio-metabolic benefits of omega-3 

polyunsaturated fatty acids: Biochemical effects vs. clinical outcomes. Food & function, v. 

9, n. 7, p. 3576-3596, 2018. 

TURPIN, Chloé et al. Erythrocytes: Central actors in multiple scenes of 

atherosclerosis. International Journal of Molecular Sciences, v. 22, n. 11, p. 5843, 2021. 

VELLIDO-PEREZ, J. A. et al. Novel emulsions–based technological approaches for the 

protection of omega–3 polyunsaturated fatty acids against oxidation processes–A 

comprehensive review. Food Structure, v. 27, p. 100175, 2021. 

VON-HEGEDUS, Johannes H. et al. Toll-like receptor signaling induces a temporal switch 

towards a resolving lipid profile in monocyte-derived macrophages. Biochimica et 

Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, v. 1865, n. 9, p. 158740, 

2020. 

XIA, Xiao-Dan et al. Myocardin: a novel player in atherosclerosis. Atherosclerosis, v. 257, 

p. 266-278, 2017. 

YURDAGUL, Arif J. R. et al. Mechanisms and consequences of defective efferocytosis in 

atherosclerosis. Frontiers in cardiovascular medicine, v. 4, p. 86, 2018. 

ZHOU, Zhao et al. Antibody against murine PECAM-1 inhibits tumor angiogenesis in 

mice. Angiogenesis, v. 3, n. 2, p. 181-188, 1999. 

WASSERMAN, Aaron H.; VENKATESAN, Manigandan; AGUIRRE, Aitor. Bioactive lipid 

signaling in cardiovascular disease, development, and regeneration. Cells, v. 9, n. 6, p. 

1391, 2020. 

 

 



39 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER I: DOCOSAHEXAENOIC ACID NANOENCAPSULATED WITH ANTI-PECAM-1 AS CO-

THERAPY FOR ATHEROSCLEROSIS REGRESSION 
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Supplementary Figures 

 

 

 

 

Figure 1S. Capacity of the PCL polymer to absorber the algae oil and MCT. Values are 

expressed as mean ± SEM. (n=3) 
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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 4S. Size Distribution by Intensity and size distribution by volume.  
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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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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 plaque 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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