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A B S T R A C T   

Background: Omega 3 fatty acids, such as docosahexaenoic acid (DHA) have been widely consumed as supple
ments to control chronic inflammation. Nanocapsules containing DHA (MLNC-DHA-a1) were developed and 
showed excellent stability. Thus, our objective was to evaluate the effect of MLNC-DHA-a1 nanocapsules on 
biomarkers of chronic inflammation. 
Methods: Cells viability was determined by flow cytometry. The uptake of MLNC-DHA-a1 nanocapsules by 
macrophages and their polarization were determined. In vivo, LDLr (-,-) mice were fed a Western diet to promote 
chronic inflammation and were treated with MLNC-DHA-a1 nanocapsules, intravenously injected via the caudal 
vein once a week for 8 weeks. 
Results: MLNC-DHA-a1 nanocapsules decreased the concentration of TNFα (p = 0.02) in RAW 264.7 cells 
compared to the non-treated group (NT), with no changes in IL-10 (p = 0.29). The nanocapsules also exhibited an 
increase in the M2 (F4/80+ CD206) phenotype (p < 0.01) in BMDM cells. In vivo, no difference in body weight 
was observed among the groups, suggesting that the intervention was well tolerated. However, compared to the 
CONT group, MLNC-DHA-a1 nanocapsules led to an increase in IL-6 (90.45 ×13.31 pg/mL), IL-1β (2.76 ×1.34 
pg/mL) and IL-10 (149.88 ×2.51 pg/mL) levels in plasma. 
Conclusion: MLNC-DHA-a1 nanocapsules showed the potential to promote in vitro macrophage polarization and 
were well-tolerated in vivo. However, they also increased systemic pro-inflammatory cytokines. Therefore, 
considering that this immune response presents a limitation for clinical trials, further studies are needed to 
identify the specific compound in MLNC-DHA-a1 that triggered the immune response. Addressing this issue is 
essential, as MLNC-DHA-a1 tissue target nanocapsules could contribute to reducing chronic inflammation.   

1. Introduction 

Chronic inflammatory conditions lead to several diseases that 
collectively represent the leading causes of disability and mortality 
worldwide, such as cardiovascular disease, cancer, diabetes mellitus, 
chronic kidney disease, non-alcoholic fatty liver disease, autoimmune 
and neurodegenerative disorders [1–4]. In these examples, the 

long-lasting chronic inflammation is a result of the signaling promoted 
by cells of the innate and adaptive immune system, as response to the 
presence of damage-associated molecular patterns (DAMPs) in the blood 
stream or inside the host cells and tissues [1,5]. 

The reaction of the immune system cells to various types of DAMPs is 
complex and difficult of controlling. For this reason, in many cases, due 
to discomfort, pain or even risk of more severe complications, the 
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systemic inflammation is suppressed by drugs. However, non-steroidal 
anti-inflammatory drugs (NSAIDs) or glucocorticoids, have many 
adverse effects [6–10], and their continuous intake can increase the 
individual susceptibility to infections [11,12]. 

In this context, pharmacological strategies based on bioactive com
pounds could provide an interesting alternative to complement drug 
prescriptions, thereby improving the quality of life for patients. Among 
the bioactive lipids, it has been reported the anti-inflammatory effects 
attributed to omega-3 fatty acids, particularly eicosapentaenoic acid 
(C20:5 n3; EPA) and docosahexaenoic acid (C22:6 n3; DHA) [13]. EPA 
and DHA exert anti-inflammatory activity by replacing arachidonic acid 
(AA) in the phospoholipids, leading to produce less potent prostaglan
dins, prostacyclins, leukotrienes and thromboxanes after the activation 
of cyclooxigenases (COX) and lipoxygenases (LOX) [13,14]. In addition, 
EPA and DHA can inhibit the translocation of the nuclear factor 
NF-kappaB (NFkB) to the nucleus through Peroxisome 
proliferator-activated receptor gamma (PPARγ) depending mechanisms, 
reducing the expression of genes encoding pro-inflammatory molecules 
[14–16]. It has also been reported that EPA and DHA suppress the 
inflammasome pathway, decreasing the Interleukin 1β (IL1β) matura
tion and release, and they can also serve as substrates for the synthesis of 
specialized pro-resolving mediators (SPMs), such as resolvins, protectins 
and maresins, capable of resolving the inflammatory process [2,3, 
17–19]. In fact, EPA and DHA may posses preventive and therapeutic 
potential in managing chronic inflammatory diseases [16], and 
new-nanotechnology-based strategies have been developed to deliver 
omega − 3 fatty acids to target tissues [20]. 

On the other side, strategies involving general immunosuppression 
have shown some important limitations, because inflammation is 
essential to protect individuals also against pathogens–associated mo
lecular patterns (PAMPs) and damage-associated molecular patterns 
(DAMPs) [1,2]. One example is a study published by Ridcker et al., in 
which patients with cardiovascular disease treated with Interleukin-1β 

monoclonal antibody showed a reduction of cardiovascular events, but 
had more infections caused by the systemic suppression of the immune 
system [21]. Thus, it is necessary to develop alternatives for reducing 
chronic inflammation without inhibiting the immune system’s ability to 
protect the body against new infections. One alternative is the applica
tion of nanotechnology-based drug delivery systems to deliver 
anti-inflammatory compound straightly to the target tissue. 
Nanoparticle-mediated drug delivery systems have been used in 
anti-inflammatory therapies, reducing medical dosage and improving 
therapeutic effectiveness [22]. 

In a previous study carried out by our group [23], 
anti-PECAM-1-surface-functionalized metal-complex multi-wall nano
capsules containing DHA richer algae oil in their core (MLNC-DHA-a1) 
were developed, showed a 94.80% conjugation efficiency and did not 
show significant toxicity towards HUVEC cells. Thus, our hypothesis, as 
summarized in Fig. 1, is that MLNC-DHA-a1 nanocapsules could be 
engulfed by the macrophage as a DAMP, their lipid content hydrolyzed 
by lysosomal lipases, releasing non-esterified fatty acids (NEFA) such as 
DHA for generation of lipid mediators [24]. Upon Toll-like receptor 4 
(TLR4) activation, there is a rapid decrease in the cellular content of 
polyunsaturated fatty acids due to increased phagocytic activity, endo
plasmic reticulum enlargement and synthesis of oxylipins [25]. Thus, it 
is supposed that the DHA supplied by our nanocapsules can be rapidly 
oxidized by cyclooxygenase, 5-lipoxygenase and cytochrome P450 
(CYP), leading to the synthesis of anti-inflammatory oxylipins, including 
Specialized Pro-Resolving Mediators (SPMs) [25,26]. SPMs modulate 
the phenotype conversion of M1 into M2 macrophages, contributing to 
the resolution of inflammation [27]. In addition, the increase of 
DHA/AA ratio can reduce the inflammation by other mechanisms [13]. 

Given the hypothesis outlined in Fig. 1, it is important to evaluate the 
cytotoxicity, determine the in vitro effect of these nanocapsules on 
macrophage uptake and polarization, and to evaluate the tolerance of 
the animals to the nanocapsules injections and their inflammatory 

Fig. 1. 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 could show an anti-inflammatory condition associated to M2 polarization, leading to a higher plaque stability. 
Abbreviations: Macrophage colony-stimulating factor (M-CSF), Lipopolysaccharides (LPS), Tool Like Receptor 4 (TLR4), docosahexaenoic acid (DHA), arachidonic 
acid (AA), Interleukin 1β (IL 1β), Interleukin 10 (IL 10), Tumor necrosis factor-alpha (TNF-α), Peroxisome proliferator-activated receptor gamma (PPARγ), factor 
nuclear kappa B (NFkB), NOD-, LRR- and pyrin domain-containing protein 3 inflammasome (NLRP3) and Specialized pro-resolving mediators (SPMs). 
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response in plasma and liver after the treatment. 

2. Material and methods 

2.1. Materials 

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 in 
our previous study [23] (Fig. S1). Algae oil applied in the oral supple
mentation (DHASCO™) was purchased from DSM (Heerlen, 
Netherlands). Medium-chain triacylglycerol (MCT) was purchased from 
Nutrimed Ind. Ltda (São Paulo, Brazil). Honey was supplied by Apis
Nutri Ltd. (Mandaguari, Brazil). The fatty acid composition of the algae 
oil and MCT were previously described in another study published by 
our group [23]. 

2.2. Methods 

2.2.1. Cell culture 
RAW 264.7 (immortalized murine macrophages) 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 
(4500 pg/mL) containing 10% FBS. Cells were kept at 37 ºC under a 
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 Embriolife, Campinas, SP, Brazil). 

2.2.2. Cell viability 
The cytotoxicity of the nanocapsules was evaluated using a flow 

cytometer after culturing. Briefly, cells were seeded at 2.5 × 104 cells/ 
well in 24-well microplates (Costar® Multiple Well Cell Culture Plates, 
Corning, Glendale, Arizona, USA) and kept at 37 ºC for 24 h. Afterward, 
cells were treated with LNC-DHA; MLNC-DHA and MLNC-DHA-a1 
(Fig. S1) at three concentrations: 0.14, 0.75 and 1.40 × 1011 nano
particles/mL, and cultured for 24, 48 and 72 h. Isolated anti-PECAM-1 
was also evaluated at a 200 µg/mL concentration. After that, cells 
were detached and washed twice in phosphate-buffered saline con
taining 1% bovine serum albumin. Next, 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 NaCl, 25 mM CaCl2, pH 7.4; BD 
Pharmingen, Franklin Lakes, NJ) during 20 min in the dark, at room 
temperature. After this, 200 µL Annexin V binding buffer and 7-AAD 
(1:200) were added. Data from 10,000 events were acquired in an 
Accuri C6 flow cytometer (BD Pharmingen), and the stained cells were 
analyzed. The negative double group for AnxV and 7-AAD-(non- 
apoptotic and non-necrotic) marking was 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+ ). The results of triplicates were expressed as a percentage (%). 

2.2.3. Real-time uptake 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. [28]. First, RAW 264.7 murine macrophages (8 × 104 

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 a me
dium containing MLNC-DHA and MLNC-DHA-a1 at 0.75 × 1011 nano
particles/mL for 4 h at 37 ºC under a 5% CO2 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 on extra clean dust-free Nexterion® Glass B slides (NexterionR 
Glass B; Schott, NY, EUA) containing 10 µL of 5% FBS-PBS. Then, 10 µL 
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 
an Olympus BX51 microscope (x1500 magnification; Olympus Corpo
ration, Tokyo, Japan) equipped with fluorite 100 × oil iris 0.6–1.30 
numerical aperture (NA) objective and a 75 W Xe light source. Optical 
images were taken 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 photomicrographs were 
randomly chosen for this measurement and each treatment. 

2.2.4. Macrophage polarization 
The experiment was performed according to the method previously 

established by Ying et al. [29]. Initially, C57Bl/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 National In
stitutes of Health guidelines and were approved by the Institutional 
Animal Care and Use Committee of FCF/USP. Then the bone marrow 
pool was resuspended using 21 G needles to dissociate the cells and pass 
them through a 70 µm cell strainer to remove 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 bone marrow-derived macrophages (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 × 105 cells/well 
in a 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 macrophage differentiation, naive cells were exposed to 
Escherichia coli (LPS) 100 ng/mL and maintained for 24 h to generate the 
M1- inflammatory phenotype macrophage. Treatments were performed 
with dexamethasone (500 ng/mL), MLNC-DHA (0.75 ×1011 parti
cles/mL) or MLNC-DHA-a1 (0.75 ×1011 particles/mL containing 
200 μg/mL of Anti-PECAM-1). After 48 h, the supernatant was removed 
and cytokines were analyzed by ELISA assay according to the manu
facturer’s instructions. Single-cell suspensions were prepared at 2 × 107 

cells/mL in staining buffer (10% FCS in PBS) and pre-incubated with 
1 μg of the 2.4G2 antibodies for 5–10 min on ice prior to staining. About 
50 µL of cell suspension (equal to 106 cells) were dispensed into each 
tube or well along with a previously 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 µL of staining buffer. Cell surface expression of these maturation 
markers was measured on BD opteia™ kits (BD Biosciences). The 
collected events were analyzed with FlowJo v7.6 (Treestar). 

2.2.5. Animal protocol 
Three-month-old male homozygous LDLr(-/-) mice in the C57BL/6 

background were purchased from the Faculty of Pharmaceutical Sci
ences, University of São Paulo. The animals were divided into 5 groups 
and kept for 24 weeks under a Western diet ad libitum. After this period, 
one group (BASELINE) was euthanized (n = 10), and the diet of the 
other groups was replaced by AIN93M regular diet [30] for 8 weeks 
(Fig. S2). The animals were kept at 25 ± 2 ◦C and relative humidity of 
55 ± 15% in an inverted cycle of 12 h light/12 h dark. Diet formulation 
and chemical composition is shown in Supplementary material 
(Table S1 and Table S2), respectively. Food intake and animal weight 
were weekly measured. During the last 8 weeks, DHA-D group (n = 9) 
was supplemented with algae oil by gavage. Algae oil (0.011 mL) was 
mixed with 0.094 mL of honey and 0.094 mL of soybean oil to reduce 
the gavage stress [31]. This mixture (0.20 mL) was given to each animal 
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once a week, and the dose was based on 1.8 g/day for humans [32]. 
CONT group (n = 11) had no supplementation. The MLNC-DHA-a1 
group (n = 15) received 5.36 × 108 surface-functionalized (anti-
PECAM-1) metal-complex multi-wall nanocapsules containing 12 µL 
algae oil/mL and LNC-MCT group (n = 15) received 1.09 × 108 

lipid-core nanocapsules containing 12 µL MCT/mL, intravenously 
injected via caudal vein once a week. The body weight of the animals at 
the beginning of the intervention was 47.03 ± 0.62 g. Thus, the dose of 
DHA provided by diet or nanocapsules were 28.57 mg ≈ 10 mg DHA Kg 
bw/day and 0.0011 mg ≈ 0.0004 mg DHA Kg bw/day, respectively. 
After this second period, mice were anesthetized with isoflurane and 
euthanized. Blood samples were collected after the euthanasia, trans
ferred to EDTA (1%) vacutainer tubes, and centrifuged at 3000 x g for 
10 min at 4 ◦C. Tissues and plasma were frozen in liquid nitrogen and 
stored at − 80 ◦C for analysis. 

2.2.6. Plasma metabolites 
The concentration of plasma lipids, including total cholesterol (TC), 

triglycerides (TG), high-density lipoprotein (HDL), low-density lipo
protein (LDL), besides glucose, aspartate transaminase (AST) and 
alanine transaminase (ALT) was quantified using commercial kits from 
Labtest Diagnóstica SA (Lagoa Santa, Brazil). 

2.2.7. Inflammatory and oxidative stress biomarkers 
The cytokines concentration, including interleukin-6 (IL-6), tumor 

necrosis factor-alpha (TNF-α), interleukin-10 (IL-10) and interleukin 1β 
(IL-1β), was quantified in plasma and liver homogenate, using MILLI
PLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel (MCY
TOMAG-70 K) (Millipore, St. Charles, MO, USA). The protein content of 
the homogenates was quantified by Bradford methodology. Malondial
dehyde (MDA) concentration was determined by reverse phase HPLC 
according to Hong et al. [33] and analyzed using a Phenomenex 
reverse-phase C18 analytical column (250 mm × 4.6 mm; 5 mm; Phe
nomenex) with an LC8-D8 pre-column (Phenomenex AJ0- 1287) 
coupled to an HPLC (Agilent Technologies 1200 Series). A standard 
curve was prepared using 1,1,3,3-Tetraethoxypropane (TEP, T9889 
Sigma-Aldrich), and data were expressed as nmol/mg protein. 

2.2.8. Fatty acids proportion 
Fatty acids were determined in the liver homogenates and plasma 

according to Shirai et al. [34] using a gas chromatography coupled with 
a triple quadrupole mass spectrometer (GC-MS Agilent 7890 A GC Sys
tem, Agilent Technologies Inc., Santa Clara, USA). Fatty acids were 
separated on a fused silica capillary column (J&W DB-23 Agilent Inc. 
Santa Clara, USA). Compounds were identified by comparing the 
retention time of fatty acids in the samples with the retention time of 
standards (FAME 37 Component Mix Supelco 47885) and also based on 
a comparison of their mass spectra with those given in the spectral 
database of the National Institute of Standards and Technology (NIST, 
Gaithersburg, MD, USA). One analysis was carried out/animal, and the 
fatty acid/IS (C23:0, Fluka 91478) area ratio was applied to calculate 
the percentage of each fatty acid. 

2.2.9. 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). T-test or Mann-Whitney test were applied to compare 
BASELINE and CONT groups. A p-value of 0.05 was adopted to reject the 
null hypothesis. Calculations will be performed using Statistica v.13 
(TIBCO Software Round Road, TX, USA). Graphs were elaborated using 
R Studio and GraphPad Prisma v9 (GraphPad Software, CA, USA). 

3. Results 

3.1. In vitro assays 

The toxicity of the nanocapsules was determined using RAW 264.7 
murine macrophages (Fig. 2). The results showed that the viability of the 
cells incubated with three concentrations of nanocapsules for 24 h 
(Fig. 2A), ranged from 52.36 ± 17.62% to 83.33 ± 1.59%, but did not 
differ among themselves (p = 0.39) (Fig. 2B). A similar trend was 
observed after 48 h (Fig. S3) and 72 h (Fig. S4). Although no statistically 
differences were observed, we opted to proceed with the concentration 
of 0.75×1011 nanocapsules/mL was for the subsequent assays to mini
mize any potential toxicological risk. Fig. 3 shows that all nanocapsules 
were internalized as a damage-associated molecular pattern (DAMP) by 
RAW 264.7 macrophages, according to the strategy proposed in our 
hypothesis (Fig. 1). In the next step, BMDM cells were applied to eval
uate macrophage polarization. As shown in Fig. 4, internalization of 
MLNC-DHA and MLNC-DHA-a1, led to a reduction in TNF-α compared 
with NT cells (p = 0.01) (Fig. 4A), while no difference was observed to 
IL-10 (p = 0.29) (Fig. 4B). Regarding to macrophage polarization, 
treatments with dexamethasone or nanocapsules did not change the M1 
phenotype (p = 0.25) (Fig. 4C). However, MLNC-DHA-a1 enhanced 
(p < 0.01) M2 phenotype compared with NT cells, while MLNC-DHA 
showed a trend to increase it (p = 0.06) (Fig. 4D), suggesting the 
beneficial effect of the nanocapsule in promoting macrophage switch 
phenotype. 

3.2. In vivo assays 

This is the first in vivo study that applies a surface-functionalized 
nanocapsule containing algae oil in the core. For this reason, our first 
challenge was to evaluate if weekly caudal injections could influence 
diet intake and, consequently, body weight gain of the animals. In our 
experimental protocol, all groups received a Western diet for 24 weeks. 
After, about two to three animals were selected from each group to 
compose the BASELINE (n = 10) group, while the remaining animals 
were divided into four groups (n = 9–15) and received a regular diet for 
8 weeks. There was no difference among the groups at the beginning 
(25.74 ± 0.31 g, p = 0.32, n = 57), nor after 24 weeks under a Western 
diet containing about 36% lipids (47.03 ± 0.62 g, p = 0.57, n = 56). 
The same was observed among the 4 groups receiving a regular diet after 
32 weeks (35.39 ± 0.65 g, p = 0.49, n = 47) (Fig. S5A). Neither Western 
diet (2.40 ± 0.04 g pc, p = 0.96) nor regular diet intake (3.02 
± 0.22 g pc, p = 0.26) changed according to the groups (Fig. S5B). The 
use of a Western diet in LDL(-,-) mice is a classical model for inducing 
inflammation and promoting lipid profile alteration. In our model, the 
Western diet caused the increase of TC, LDL, HDL, TG, ALT, IL-1β con
centration in plasma, and TNFα (p = 0.05) in liver homogenate 
(Table S3). However, 8 weeks after discontinuing the stimulus, except 
for IL-1β, the other measured cytokines in plasma and liver did not 
change, suggesting a maladapted post-resolution condition. 

After 24 weeks, the inflammatory stimulus was removed by replac
ing the Western diet with a regular diet, and the effect of the oral in
terventions with algae oil (DHA-D) and the functionalized nanocapsules 
(MLNC-DHA-a1) was compared in terms of lipid profile and oxidative 
stress. Table 1 describes the major fatty acids profiles determined in the 
animals after 32 weeks, both in liver homogenate and plasma. No 
important changes were observed in the proportion of fatty acids 
analyzed in plasma among the groups. In the liver, DHA-D group that 
received algae oil supplementation by gavage showed a higher propor
tion of DHA compared with CONT (p = 0.02), but not compared with 
MLNC-DHA-a1 (p = 0.18) (Table 1). This result suggests that some of the 
DHA from the surface-functionalized nanocapsules reached the liver, 
but it was not enough to increase DHA proportion compared to CONT 
(p = 0.35). Furthermore, no alteration was observed in the relative liver 
weight (0.04 ± 0.00%, p = 0.45). 
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Given the higher proportion of polyunsaturated fatty acids in oral 
DHA supplementation, it was expected to potentially increase oxidative 
stress. However, in our model, no difference was observed in MDA 
concentration (p = 0.47) in the liver homogenate (Fig. S6). The other 
biomarkers measured in the groups at the end of 32 weeks did not show 
a significant difference (Table 2). In the subsequent analysis, a LNC-MCT 
group was included as a control of the MLNC-DHA-a1 group. The LNC- 
MCT group contained MCT instead of DHA in the lipid core. The effect of 
the intervention with the nanocapsules and oral supplementation on 

systemic cytokines is shown in Fig. 5. The MLNC-DHA-a1 group 
increased levels of IL-6 (Fig. 5A; p < 0.01), IL-1β (Fig. 5B; p = 0.01) but 
also increased IL-10 (Fig. 5C; p < 0.01) without altering TNFα (Fig. 5D; 
p = 0.11). No changes were observed in the cytokines determined in the 
liver (Table 2). 

3.2.1. Discussion 
Our 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 
nanocapsules containing DHA (MLNC-DHA-a1) did not present toxicity 
when evaluated at 0.14 and 0.75 and 1.40×1011 nanocapsules/mL in 
RAW 264.7 cells, after 24, 48 and 72 h. The toxicity and ability to be 
phagocyted by immune system cells is a complex subject that depends 
on many factors, including carrier components, excipients, impurities, 
therapeutic content, shape, size, elasticity, surface chemistry, and 
charge [35]. The nanocapsules were composed of polycaprolactone, 
sorbitan monostearate, zinc acetate, low molecular weight chitosan and 
polysorbate 80, as previously described (Fig. S1) [23]. These materials 
have been widely applied to synthesize nanoparticles without reported 
toxicity, even using animal models [36–38]. Our results confirm that the 
material applied to build the capsule wall and the anti-PECAM-1 applied 
on the surface did not affect the cells viability at 0.75×1011 nano
capsules/mL. Moreover, the algae oil (DHASCO®, DSM) containing 
35.13 ± 0.35 g/100 g of DHA, used to compose the lipid core, was not 
sterilized or depyrogenated due to its low oxidative stability. Thus, our 
results showed that although non-sterilized, the algae oil applied in our 
study can be considered relatively safe to prepare nanocapsules for 
further in vivo animal assays. However, extrapolating from in vitro data 
to in vivo behavior should be done cautiously [35]. 

Concerning phagocytosis and polarization, the shape and size of our 
nanocapsules may also have contributed to their internalization by RAW 
264.7 macrophages. Our nanocapsules showed a spherical shape, with 
sizes ranging from 159.12 ± 1.25–163.50 ± 5.33 nm, and all absolute 
zeta potential values were below 14 mV, regardless of the negative or 
positive coating [23]. 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 

Fig. 2. 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 ×1011, 0.75 ×1011 and 1.40 ×1011 /mL), also incubated without any nanocapsules (NT) and isolated 
anti-PECAM-1 at 200 µg/mL for 24 h. 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-a1, 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 
(n = 3). 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. 

Fig. 3. 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 × 1011 /mL, and also incubated without any 
nanocapsules (NT). Scale bar: 15 µm. 
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host defense cells [35,39]. The ability of RAW macrophages to engulf 
booth MLNC-DHA and MLNC-DHA-a1 nanocapsules, as shown in Fig. 3, 
may result from a balance between their spherical shape associated with 
non-ionic surface charge. This combination may influence their further 
in vivo application. 

In our study using mice-derived BMDM cells, it was not observed any 
differences in the M1%, as measured using the F4/80 + CD80 marker 
(Fig. 4C) or in the IL-10 concentration (Fig. 4B), which is typically found 
in lower levels in M1 phenotype [40,41]. Taking into account the 
intense M2 polarization showed by MLNC-DHA-a1 (7.04%) compared 
with NT (0.30%), as measured using F4/80 + CD206 marker (Fig. 4D), 
followed by the reduced secretion of TNFα (Fig. 4A) observed to both 
MLNC-DHA and MLNC-DHA-a1, our results suggest that DHA present in 
the algae oil composing the lipid core of the nanocapsules has the po
tential to reduce the inflammatory microenvironment and improve 
macrophage functionality. 

Based on these in vitro results, the nanocapsules were evaluated using 
an animal model. A limited number of in vivo studies has investigated the 
biological effects of omega-3 fatty acids-containing nanomaterials in 
cardiovascular diseases and cancer [20,42] and to the best of our 
knowledge, none of these studies has applied algae oil in the core of a 
nanocapsule surface-functionalized with anti-PECAM-1. For this reason, 
there was any previous information about a safe dose for intervention. 

Our data showed 5.36×108 surface-functionalized (anti-PECAM-1) 
metal-complex multi-wall nanocapsules containing 12 µL DHA/mL were 
well tolerated by LDL(-/-) mice, since all groups had similar diet intake 
and body weight gain, without no signs of local inflammation following 
caudal vein injections. Furthermore, data from fatty acids profile, rela
tive weight and cytokines concentration suggested that our nano
capsules did not accumulate in the liver, causing any inflammatory 
reaction. 

Conversely, MLNC-DHA-a1 nanocapsules promoted a modulation in 
the cytokine profile in the plasma, suggesting an inflammatory activa
tion due to the increased release of IL-6 and IL-1β (Figs. 5A and 5B). 
However, there were no change observed in TNFα (Fig. 5C), while an 
increase was verified to anti-inflammatory IL-10 (Fig. 5C). It is impor
tant to note that several aspects of the nanocarriers can interact with the 
immune system, remembering that host defenses are the leading causes 
of nanocarriers side effects [35,43]. It has been reported that the size 
between 100 and 200 nm has the highest potential for prolonged cir
culation because this range is large enough to avoid the uptake by the 
liver, but small enough to avoid filtration in the spleen, thereby 
extending circulation and providing more opportunities for target 
engagement [43]. In a study reported by Deshpande et al. [44] flaxseed 
oil containing 17-β-estradiol was nanoencapsulated and functionalized 
with CREKA-peptides due to their specific binding affinity to 

Fig. 4. Cytokines concentration and polariza
tion in C57BL/6 mouse bone marrow-derived 
macrophages (BMDM). Assays were performed 
with dexamethasone (500 ng/mL) (DEXA), 
MLNC-DHA (0.75 ×1011 particles/mL), MLNC- 
DHA-a1 (0.75 ×1011 particles/mL containing 
200 μg/mL of Anti-PECAM-1 and without any 
treatment (NT) for 48 h. Fig. 4A: TNFα (pg/ 
mL); p = 0.02; Fig. 4 B: IL-10 (pg/mL); 
p = 0.29; Fig. 4C: Percentage of F4/80 + CD80 
double positive cells (M1), (p = 0.25) and 
Fig. 4D: Percentage of F4/80 + and CD206 
double positive cells (M2), (p < 0.01). Vertical 
bars are mean ± SEM (NT, n = 3; DEXA, n = 2; 
MLNC-DHA, n = 6 and MLNC-DHA-a1, n = 5 
for cytokines and NT, n = 5; DEXA, n = 4; 
MLNC-DHA, n = 6 and MLNC-DHA-a1, n = 6 
for polarization). Treatments were compared by 
One-way ANOVA and Tukey HSD or equivalent 
non parametric Kruskal Wallis analysis.   
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atherosclerotic plaque. Similar to our protocol, the nanocapsules were 
intravenously injected in ApoE (-,-) mice fed a high-fat diet for 10 weeks, 
totalizing 10 doses at the end of the experiment. The authors observed 
that the weight gain of animals was not affected by the treatment, and 
plasma ALT and AST concentrations remained within the normal range. 
Sha et al. [42] developed a nanoparticle derived from macrophage 
membrane-coated liposome, aiming to improve efferocytosis in the 
arterial wall. They observed good compatibility, prolonged blood cir
culation time, and no cytotoxicity in MTT assays. Thus, the observed 
weight gain and dietary tolerance in our study may be attributed to a 
combination of MLNC-DHA-a1 size (164 nm), spherical shape and an 
adequate dose. 

Under normal circumstances, opsonization by immunoglobulins and 
complement proteins begins immediately upon contact of the nano
particles with plasma, followed by mechanical filtration in the spleen 
[43]. Although there is no data about pharmacokinetic and pharmaco
dynamics properties in our research, it is plausible that our nanocapsules 
infiltrated the inflamed endothelium, spleen or other tissue and cells 
that express PECAM-1 and have triggered the immune response 
observed in plasma. 

The systemic inflammation observed in our study may be caused by 
the purity of algae oil in the lipid core, the antibody in the nanocapsule 
surface or the chitosan applied in the wall, since group LNC-MCT did not 
show the same behavior. In fact, LNC-MCT group was included in our 
protocol because there were previous studies reporting its safety when 
applied in animal models [38,45]. Platelet-Endothelial Cell Adhesion 
Molecule-1 (PECAM-1) is a protein widely expressed, to different de
grees, on most leukocyte subtypes, platelets and endothelial cells, where 
its expression is primarily concentrated at junctions between adjacent 
cells [46]. It has been reported that under an inflammatory condition, 
such as those observed in atherosclerosis, PECAM-1 increases the junc
tion permeability between the endothelial cells, facilitating the infil
tration of immune cells into the inflamed intima [47]. However, the 
toxicity of anti-PECAM-1 has shown controversial results. Fig. 2 shows 
that 200 μg/mL of Anti-PECAM-1 did not reduce viability when evalu
ated in RAW 264.7 cells. In another study, PECAM-targeted polymer 
nanocarriers injected into mice did not show toxicity [48]. Despite this, 
it was observed a systemic release of pro-inflammatory cytokines after 
intravenous administration of anti-PECAM-1 [49]. This adverse result 
could be attributed to the fact that the engagement of the extracellular 
domains of PECAM-1 can compromise barrier function or lead to bidi
rectional signaling, with consequences toward cell survival, affecting 
junctional integrity and leukocytes and platelet adhesion. Thus, more 
studies involving anti-PECAM must be carried out to establish PECAM-1 
targeted drugs safety, considering that nanoparticle binding can lead to 
unexpected biological consequences. 

Conversely, chitosan has been considered non-toxic, biocompatible 
and biodegradable. However, caution should be taken regarding its in
teractions with biological systems, which depends on concentration, 
deacetylation degree and positive charge [50]. In a study involving 
algae oil, two samples obtained from Schizochytrium sp, were submitted 
to a battery of in vivo and in vitro genotoxicity tests. The results indi
cated that the oil was well tolerated and had no adverse effects at the 
highest dose of 3305 and 3679 mg/kg bw/day, for male and female rats, 
respectively [51], that is about 120 times higher than the dose applied in 
our study. According to the supplier, the algae oil applied in our nano
capsules contained DHA in the form of triacylglycerol along with 
ascorbyl palmitate (250 ppm) and tocopherol (250 ppm), being certified 
as safe for the intended use. However, considering the direct intravenous 
injection, a higher degree of purity than those approved for dietary use 
should be evaluated in further studies. Besides the purity, the amount of 
DHA injected in the plasma by the nanocapsules could trigger an im
mune system response. In our study, fatty acids were expressed as a 
percentage, and the proportion found in plasma similar to the propor
tion found in liver. It was estimated that each application of the nano
capsules provided about 2.8 µg DHA kg bw. Thus, quantitative 

Table 1 
Major fatty acid composition determined in plasma and liver homogenate of the 
experimental groups after 32 weeks of treatment.   

CONT DHA-D MLNC-DHA-a1 Pa value 

Plasma (%)      
C16:0 33.41 ± 1.86 32.49 ± 2.23 33.40 ± 1.19  0.92 
C16:1 n7 2.56 ± 0.24 1.92 ± 0.09 2.29 ± 0.19  0.15 
C17:0 0.02 ± 0.02 0.06 ± 0.06 ND  0.35 
C18:0 17.09 ± 1.94 19.38 ± 2.24 19.53 ± 0.81  0.44 
C18:1 n9 27.37 ± 2.65 24.02 ± 4.48 23.77 ± 1.34  0.52 
C18:2 n6 (LNA) 14.73 ± 1.70 15.87 ± 1.20 14.88 ± 0.88  0.83 
C18:3 n3 (ALA) NDa 0.43 ± 0.05b 0.23 ± 0.05ab  < 0.01 
C18:3 n6 0.15 ± 0.08 0.12 ± 0.08 0.20 ± 0.06  0.66 
C20:3 n6 ND 0.12 ± 0.12 0.07 ± 0.07  0.52 
C20:4 n6 (AA) 3.76 ± 0.71 3.78 ± 0.68 4.35 ± 0.41  0.67 
C20:0 0.04 ± 0.02 0.03 ± 0.03 ND  0.20 
C20:5 n3 (EPA) 0.03 ± 0.02 0.01 ± 0.01 ND  0.19 
C22:6 n3 (DHA) 0.78 ± 0.37 1.78 ± 0.43 1.29 ± 0.24  0.18 
Liver (%)      
C16:0 38.22 ± 2.81a 35.03 ± 0.62ab 32,22 ± 0.82b  0.04 
C16:1 n7 1.43 ± 0.13a 2.01 ± 0.12ab 2.38 ± 0.22b  0.01 
C18:0 19.81 ± 2.64 20.19 ± 1.39 18.76 ± 0.73  0.78 
C18:1 n9 18.72 ± 3.04 20.48 ± 1.58 25.07 ± 0.92  0.05 
C18:2 n6 (LNA) 16.14 ± 1.82 14.87 ± 1.03 15.19 ± 0.89  0.78 
C18:3 n3 (ALA) 0.49 ± 0.29 0.26 ± 0.08 0.24 ± 0.05  0.48 
C18:3 n6 0.23 ± 0.08 0.10 ± 0.07 0.20 ± 0.06  0.48 
C20:4 n6 (AA) 4.03 ± 0.48 4.82 ± 0.62 4.45 ± 0.30  0.67 
C22:6 n3 (DHA) 0.89 ± 0.40a 2.23 ± 0.29b 1.47 ± 0.22ab  0.03  

a Values were expressed as mean ± SEM (CONT, n = 6; DHA-D, n = 5 and 
MLNC-DHA-a1, n = 9). Treatments were compared by One-way ANOVA and 
Tukey HSD or equivalent non parametric Kruskal Wallis analysis. P values refer 
to the comparison among the four groups. Values followed by the same letter do 
not differ (p < 0.05). 

Table 2 
Biochemical parameters observed in the experimental groups after 32 weeks of 
treatment.   

CONT DHA-D LNC-MCT MLNC- 
DHA-a1 

P 
valuea 

Plasma       
Glucose (mg/ 

dL) 
151.70 
± 19.50 

190.50 
± 21.39 

124.86 
± 15.56 

148.20 
± 12.03  

0.08 

TC (mg/dL) 191.40 
± 18.35 

230.25 
± 36.52 

173.07 
± 13.54 

195.40 
± 9.26  

0.74 

LDL (mg/dL) 92.40 
± 10.72 

84.00 
± 8.71 

78.43 
± 6.83 

89.67 
± 5.52  

0.56 

HDL (mg/dL) 39.30 
± 2.51 

43.50 
± 2.20 

42.36 
± 3.02 

44.60 
± 2.39  

0.57 

TG (mg/dL) 85.30 
± 12.42 

101.25 
± 20.79 

68.29 
± 5.17 

85.33 
± 7.49  

0.39 

ALT (mg/dL) 69.20 
± 12.61 

59.25 
± 9.21 

44.00 
± 7.04 

55.53 
± 6.31  

0.22 

AST (mg/dL) 168.80 
± 35.89 

136.50 
± 17.79 

117.64 
± 14.22 

129.33 
± 14.46  

0.78 

Liver       
Relative 

weight (%) 
0.04 
± 0.01 

0.04 
± 0.01 

0.04 
± 0.01 

0.04 
± 0.01  

0.33 

Cytokines 
(liver)       

IL1β (pg/mL) 0.47 
± 0.07 

0.57 
± 0.07 

0.65 
± 0.05 

0.61 
± 0.07  

0.29 

IL-6 (pg/mL) 4.70 
± 0.36 

3.91 
± 0.34 

4.97 
± 0.44 

4.25 
± 0.33  

0.24 

IL-10 (pg/mL) 2.86 
± 0.38 

2.26 
± 0.20 

3.78 
± 0.43 

3.16 
± 0.44  

0.05 

TNFα (pg/mL) 0.24 
± 0.03 

0.25 
± 0.02 

0.25 
± 0.02 

0.23 
± 0.02  

0.90  

a Values were expressed as mean ± SEM (CONT, n = 11; DHA-D, n = 9; LNC- 
MCT, n = 14 and MLNC-DHA-a1, n = 15). Treatments were compared by One- 
way ANOVA and Tukey HSD or equivalent non parametric Kruskal Wallis 
analysis. P values refer to the comparison among the four groups. 
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determination of DHA in plasma should be done in the next studies. 
Concerning the oral supplementation of algae oil, it was also ex

pected that the replacement of AA by EPA and DHA in membrane 
phospholipids could promote a reduction in the substrate necessary to 
synthesize series 2 and 4 eicosanoids, able to facilitate acquired im
munity and induce long-lasting immune inflammation [52]. However, 
there was no difference in cytokines concentration comparing DHA-D 
and CONT groups, suggesting that the supplementation was insuffi
cient to reduce systemic inflammation once the stimulus was dis
continued. Toko et al. [53] observed a suppression in the expression of 
pro-inflammatory cytokines in the heart of mice supplemented with EPA 
and DHA. However, it is also worth noting that they applied a dose much 
higher (1500.00 mg/kg. bw/day) than the dose used in our model 
(10.00 mg/kg.bw/say). In other study, C57BL/6 mice were supple
mented with 200 mg/kg.bw of algae oil and intestinal damage was 
induced by Ceftriaxone sodium. After 8 days, the animals showed in
hibition of the pro-inflammatory cytokine tumor necrosis factor 
(TNF)-α, interleukin (IL)− 6 and myeloperoxidase (MPO) activity [54]. 
Xu et al. [55] induced colitis in Male C57BL/6 mice using 2.5% DSS and 
followed them with 2 weeks of treatment with algal oil (250 or 

500 mg/kg/day). The authors concluded that algal oil could be applied 
in the development of therapeutics for intestinal inflammation. 

In fact, there is currently no evidence to suggest that the control of 
chronic inflammation is dose-related [56]. The solution applied in our 
study contained 1.34×1013 nanocapsules/mL with 12 µL/mL of algae oil 
(35.13 ± 0.35% DHA). This solution was injected at a rate of 
40 µL/animal once a week for 8 weeks. This amount corresponded to 
8.9×10 − 19 mols/animal/week, based on the Avogadro’s number. The 
results showed that MLNC-DHA-a1 nanocapsules were well-tolerated in 
vivo, but activated an immune response, increasing the cytokines con
centration in the plasma. Considering that this immune response is a 
limitation to clinical trials, future experiments should aim to identify 
which compound within the nanocapsules was responsible for activating 
the immune response. 

4. Conclusion 

Our findings suggest that algae oil with a higher DHA content, 
incorporated as part of the lipid core within the nanocapsules, appears to 
improve the macrophage phenotype, being a potential therapy for 

Fig. 5. Cytokines concentration analyzed in plasma. Fig. 5A: IL-6 concentration (pg/mL); Fig. 5B: IL-1β concentration (pg/mL); Fig. 5C: IL-10 concentration (pg/mL); 
and Fig. 5D: TNFα concentration (pg/mL). Vertical bars are mean ± SEM (CONT, n = 10; DHA, n = 8; LNC-MCT, n = 14 and MLNC-DHA-a1, n = 12). Treatments 
were compared by One-way ANOVA and Tukey HSD or equivalent non parametric Kruskal Wallis analysis. 
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controlling chronic inflammation However, MLNC-DHA-a1 nano
capsules increased pro-inflammatory cytokines in the plasma. Thus, 
further studies should identify which compounds triggered the immune 
response and to assess whether this effect might have adverse implica
tions for susceptibility to infections. 
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