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Introduction: Nanoparticles (NPs), as drug delivery systems, appear to be a promising tool 
for prolonged therapeutic strategies as they allow a controlled drug release over time. 
However, most of the studies found in the literature simply contemplate the use of a single 
or low number of dosages with low NPs concentrations. In the context of chronic diseases, 
like Alzheimer’s disease, cancer or human immunodeficiency virus (HIV), where the ther-
apeutic scheme is also chronic, studies with numerous repeated dosages are often neglected.
Methods: We screened different NPs, polymeric and lipid-based, in a repeated-dose toxicity 
study, to evaluate the safety and tissue distribution of promising nanocarriers to be used in 
the treatment of long-lasting diseases.
Results: After administrating 24 high concentrated doses of the selected NPs intraperitone-
ally (i.p.) (3 times a week for 2 months), animals have presented NPs accumulation in 
different tissues. However, neither toxicity, bodyweight changes nor clinical signs of disease 
were observed.
Discussion: This work demonstrates no general adverse effects upon the studied NPs 
repeated-dose exposure, indicating the most promising NPs to be used in the different 
therapeutic circumstances, which may be useful in chronic diseases treatment.
Keywords: long-lasting treatment, drug delivery systems, nanocarriers, liposomes, solid 
lipid nanoparticles, PLGA nanoparticles

Introduction
The field of nanotechnology is actively involved in the new research endeavors of this 
century. Academia and industry are dedicated pushing forward in understanding the 
potential effects of nanomaterials on biological systems. Nanomaterials have unique 
properties such as small size, large surface area, chemical composition and solubility 
which allow their widespread applications ranging from sustainable technology to 
healthcare and medicine.1–4 Importantly, nanoparticles (NPs) with small sizes are of 
high interest for drug delivery systems (DDS) to reach biological molecules/tissues/ 
organs, which are normally inaccessible for many synthetic pharmaceutics. Many 
drugs that have demonstrated efficacy in vitro and ex vivo lose beneficial effects 
when tested in vivo. This might be due to the difficulties related to drug delivery to 
the pharmacological target. To increase the bioavailability and selectivity of the 
compounds, NPs are considered a future strategy.5–8 Moreover, NPs are DDS that 
protect drugs from degradation and transport them without modifying their intrinsic 
properties.9 Additionally, NPs have remarkable properties, such as biodegradability, 
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biocompatibility, non-immunogenicity, metabolic stability 
and high selectivity to interact with specific receptors.10,11 

Some of them are metal-based NPs, semiconductor NPs, 
polymeric NPs or lipid-based NPs.12–15 In this work, we 
assessed long-term distribution and toxicity of the three of 
the most promising ones: liposomes, poly(lactic-co- 
glycolic acid) (PLGA) NPs and Solid Lipid NPs (SLN). 
Liposomes are small spherical-shaped vesicles that can be 
produced from natural nontoxic phospholipids and 
cholesterol.16 These amphiphilic assemblies are composed 
of phospholipid bilayers that are concentrically oriented 
around an aqueous compartment. These nanocarriers encap-
sulate hydrophilic or hydrophobic molecules.17,18 

Liposomes vary in sizes, from small unilamellar vesicles 
(diameter <100 nm) to multilamellar vesicles with a mean 
diameter between 100 and 1000 nm. They are promising 
DDS, because of their small size, fluidity, permeability, 
hydrophobic/hydrophilic character and composition (con-
centration of the phospholipids). Liposomes have also the 
ability to fuse with cell membranes, granting the 
drug release into the cells. PLGA is a well-established 
biodegradable polymer, produced by ring-opening co-poly-
merization of lactide and glycolide. PLGA NPs have been 
a center of attention in the nanomaterials field due to its 
appealing properties including biocompatibility and biode-
gradability, Food Administration and Drug (FDA) 
approval, quick adaption towards hydrophobic or hydrophi-
lic small molecules, and high selectivity to target specific 
cells or organs.19 These NPs have various biomedical appli-
cations, such as in cancer, diagnosis, imaging, vaccination, 
transportation of anti-inflammation drugs and transporta-
tion of drugs for several diseases treatment.20–22 SLNs are 
nanocarriers comprised of a solid hydrophobic lipid core 
that permits the encapsulation of hydrophobic drugs. These 
nanocarriers present a size between 40 and 1000 nm, allow-
ing their transportation in body fluids.23 They are composed 
of solid fat (approximately 0.1–30 (%w/w)) which is dis-
persed in the aqueous phase.24 Surfactants are used to 
enhance the stability of SLNs. The lipids used for SLNs 
preparation can be fatty acids, monoglycerides, diglycer-
ides and triglycerides, etc. The selection of these compo-
nents (including both lipids and surfactants) can influence 
the particle size, drug loading, release profile and long-term 
stability.24 Since SLNs are composed of lipids that are 
biocompatible and biodegradable, they exhibit good release 
profile and have other advantages like targeted drug deliv-
ery with excellent physical stability. Hence, they have 
proved suitable for brain targeting and cancer.25–27

The remarkable physicochemical properties and the 
potential biological applications of these nanocarriers 
already addressed many challenges in the field of medi-
cine. Despite the advancement in the field of nanotechnol-
ogy, solid studies that evaluate the long-term use of these 
NPs through intraperitoneal (i. p.) administration route are 
missing in the literature.

The present study is focused on the evaluation of the 
NPs toxicity and accumulation in different tissues, such as 
brain, lung, kidneys, heart, liver, spleen, bone marrow and 
thymus, after 24 doses administration i. p., 3 times a week, 
using high NPs concentrations. The data herein reported 
while screening different NPs demonstrate their possible 
application in the context of several chronic diseases, like 
Alzheimer’s disease, cancer, cystic fibrosis, epilepsy, HIV, 
among others that require prolonged drug administration.

Materials and Methods
Nanoparticles Formulation
Solid Lipid Nanoparticles
To produce SLNs, cetyl palmitate (2 g) (Gattefossé, Lyon, 
France) was used as the solid lipid and Pluronic® F-127 
(from Sigma-Aldrich, St Louis, MO, USA) 10% (w/v) 
(17.4 mL) as surfactant, that acts as a coating of the 
solid hydrophobic lipid core.28,29 The lipid and aqueous 
phase were heated at 70ºC separately until the lipid was 
melted. Then, the lipid phase was dispersed in the aqueous 
phase. To control the diameter of the particles, the solution 
was exposed at a high-speed stirring in an Ultra-Turrax 
T25 (Janke and Kunkel IKA-Labortechnik, Staufen, 
Germany), for 2 minutes at 13,500 rpm followed by soni-
cation using a Vibra-Cell™ CV18 (Sonics and Materials, 
Newtown, CT, USA) with an amplitude of 70% for 30 
minutes and cooled down to RT.

Liposomes
For the liposomes production, all the lipids were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). 
The liposomes were produced using the thin lipid film 
hydration method.30 Briefly, the lipids DSPC (1,2-distear-
oyl-sn-glycero-3-phosphocholine), Chol (cholesterol ovine 
wool), DSPE-PEG2000(1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)-2000] 
ammonium salt) in a molar ratio of 52:45:3 dissolved in 
chloroform are mixed, and then, the solvent is removed by 
evaporation using a nitrogen stream. The resultant dried 
lipid film was dispersed in PBS buffer, pH 7.4 (phosphate 
buffered saline, 10 mM phosphate buffer, 2.7 mM 
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potassium chloride and 137 mM sodium chloride, Sigma- 
Aldrich, St. Louis, MO, USA). The liposomes suspension 
was then sonicated using a Vibra-Cell™ CV18 (Sonics 
and Materials, Newtown, CT, USA) with an amplitude of 
40% for 20 minutes (one-minute on/one-minute off).

Poly(Lactic-Co-Glycolic Acid) Nanoparticles
PLGA NPs were synthetized by the single emulsion-solvent 
evaporation method, using poly(vinyl alcohol) (PVA) 
(Mowiol® 4–88, Sigma-Aldrich, St Louis, MO, USA) as 
a stabilizer.31 PLGA (PLGA Risomer ® RG503H 50:50, 
Sigma-Aldrich, St Louis, MO, USA) was dissolved in ethyl 
acetate solution (Sigma-Aldrich, St Louis, MO, USA) and 
placed for 5 minutes in an ultrasonic bath at RT at 45 kHz 
(Ultrasonic cleaner, VWRTM, Kuala Lumpur, Malaysia). 
A 1% (w/v) of PVA (Sigma-Aldrich, St Louis, MO, USA) 
was added drop by drop to the previously prepared organic 
solution. After vortexion (Genius 3, Ika ® vortex, Germany), 
the oil in water (o-in-w) solution was sonicated three times 
for one minute (10 seconds on/10 seconds off) on ice. 
Further, the solution was maintained in continuous agitation 
(600 rpm) at RT until complete organic solvent evaporation 
(4 h). Finally, the NPs were lyophilized during 24 h using 
a benchtop vacuum concentrator (VirTis freeze-dryer (SP 
Scientific, NY, USA)) at –90.2°C (condenser temperature) 
and 8 mmTorr of vacuum pressure. The lyophilized PLGA 
NPs were stored at 4ºC. Before using, the PLGA NPs were 
dissolved in ultrapure water at a final concentration of 
10 mg/mL and ultrasonicated for 5 minutes (RT at 45kHz), 
for complete dispersion of the NPs in the suspension.

Nanoparticles Physicochemical 
Characterization
The physicochemical features of each type of NPs, as 
hydrodynamic diameter, size distribution and zeta poten-
tial, were analyzed by dynamic light scattering (DLS) 
using a Zetasizer Nano ZS (Malvern Instruments Ltd.). 
The zeta potential was obtained by using the dielectric 
constant of water and the zeta potential values were esti-
mated by Smoluchowski approximation from the electro-
phoretic mobility.32 Before each measurement, samples 
were diluted 200x in ultra-pure water (SLN and PLGA 
NPs) or PBS buffer (liposomes) before each measurement.

Morphological analysis of the NPs was attained by 
Transmission Electron Microscopy (TEM) using a JEM 
1400 electron microscope (Jeol, Tokyo, Japan) at 80 kV. 
Five microliters of each NPs sample was deposited on 
copper grids (Formvar/Carbon-400 mesh Copper, Agar 

Scientific, UK) for 5 minutes. Samples were negatively 
stained with a 2% (v/v) uranyl acetate solution for 45 
seconds.

Animals
Adult (3 months old, m. o.) male and female C57BL/6 mice 
were obtained from Charles River, Barcelona, Spain. All 
procedures regarding animal manipulation followed the 
European Community Guidelines (Directive, 2010/63/EU) 
and the Portuguese law (DL 113/2013) for Animal Care for 
Research Purposes and were approved by the “Instituto de 
Medicina Molecular – João Lobo Antunes” Internal 
Committee (AWB_2016_17_SX_Adenosina_Addendum). 
Animals were housed in a room with regulated temperature 
(22–24 ºC) and humidity (45–65%) with ad libitum access 
to food and water and with a 14/10 h light/dark cycle. 
A total of 31 animals were randomly allocated to the dif-
ferent treatment groups: control (not injected), 4 males and 
3 females; Lipo, 4 males and 4 females; PLGA, 4 males and 
4 females; SLN, 4 males and 4 females. Animals were 
tagged and randomly distributed in groups of 4 animals 
per cage (3 animals in the case of control females).

Nanoparticles Administration
NPs were administered in 3 m. o. animals by i. p., three 
times per week at a dose of 100 mg/kg, for 56 days (in 
a total of 24 injections per animal). NPs administration 
injections were performed during the light phase, around 
the same time each day.

Clinical Evaluation
Mice were screened three times a week for clinical signs 
of toxicity, morbidity, and mortality. Animal bodyweight 
(BW) was also assessed in three different time-points: 
before starting the administration protocol, on day 30 
after first administration (mid-point) and immediately 
before euthanasia (end-point). Since the initial values for 
bodyweight were not exactly similar for all conditions, 
group comparisons of absolute weight were considered 
inadequate (Supplementary Figure 1). In this way, animal 
BW changes (ΔBW) for each animal were calculated by 
subtracting the initial weight to that at mid-point and end- 
point, with results being expressed in grams (g).

Histopathology
Three days after the last injection, mice were euthanized 
with anesthetic overdose and comprehensive necropsy was 
performed. Macroscopic findings were recorded, and 
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brain, lung, kidneys, heart, liver, spleen, bone marrow and 
thymus were collected for histopathology. Samples were 
immersion fixed in 10% neutral buffered formalin, routi-
nely processed for paraffin embedding, sectioned at 4 µm, 
and stained with hematoxylin and eosin. Lesions were 
classified according to previously published criteria and 
scored according to a 5-tier severity scale: 0, absent; 1, 
minimal; 2, mild; 3, moderate; 4, marked.33 Representative 
microphotographs were obtained using NDP.view2 soft-
ware (Hamamatsu) in slides digitally scanned in the 
Hamamatsu NanoZoomerSQ, at 20x magnification.

Birefringence of NPs under polarized light was used to 
assess their distribution and accumulation, scored accord-
ing to the same 5-tier severity scale presented above. 
Representative microphotographs were taken in Leica 
DM2000 microscope coupled to a Leica MC170 HD 
microscope camera (Leica Microsystems, Wetzlar, 
Germany) at 20x and 40x original magnifications.

Statistical Analysis
Data were analyzed through a one-way analysis of var-
iance (ANOVA) with Holm-Sidak’s correction for multiple 
comparisons where it is needed. All comparisons were 
made between groups, with a statistical significance level 
(α) established at p-value <0.05. Data are expressed as 
means ± standard error of mean (SEM). All statistical 
analyses were performed using GraphPad Prism 8 soft-
ware (GraphPad Software, San Diego, CA, USA).

Results
Nanoparticles Physicochemical 
Characterization
Three different types of NPs, liposomes, PLGA NPs and 
SLNs, were prepared and analyzed in this work according 
to their size, polydispersity index and zeta potential.

NPs size is one of the most relevant factors that influ-
ences the NPs efficiency.34,35 This parameter determines if 

the NPs are able to cross different types of biological 
barriers, such as BBB.36 NPs size is also important to 
predict the bio-distribution and accumulation in different 
tissues. All produced NPs present a size lower than or 
around 200 nm, which is the maximum size required to 
cross most of the biological barriers.37 Liposomes size is 
significantly smaller than SLN and PLGA NPs (Table 1). 
Liposomes present a mean diameter of 96 nm, and the 
PLGA NPs and SLN are closer to 200 nm (183 nm and 
203 nm, respectively) (Figure 1A-C). Previously, we 
proved that this type of liposomes is stable for 2 months.30

Polydispersity is another important parameter to evaluate 
if the NPs population is homogeneous. The prepared nano-
carriers exhibit a small size distribution closer or lower than 
0.2, suggesting a homogeneous size distribution (Table 1).38 

Liposomes are the ones that present higher polydispersity 
index (PdI), which may be due to the fabrication protocol. 
The ultrasonication method used to produce liposomes 
appears very promising since it is faster in comparison to 
extrusion (the most common method used in the liposomes 
fabrication). However, it is difficult to achieve homogeneity 
in NPs’ size via sonication method.39 On the other hand, 
PLGA NPs present a very homogeneous population, with 
a polydispersity index of 0.07.

Zeta potential is an extremely important parameter to 
predict the stability of colloidal dispersions.40 Zeta potential 
is the potential difference between the phase boundaries of 
solids and liquids. It is a measure of the electric charge of 
particles that are suspended in liquids. A high zeta potential 
reflects stability, i.e, the dispersion will resist to aggregation. 
If the potential is small, the attractive forces will overcome 
and the dispersion may break or flocculate. According to the 
results depicted in Table 1, SLN and PLGA NPs have 
a negative zeta potential, around −20 mV, indicating 
a rather high value to prevent NPs aggregation. In the case 
of PLGA NPs, the zeta potential is negative, as it is expected 
due to the negative charge of the carboxylic groups of PLGA 
polymer. SLNs also present negative zeta potential, due to 

Table 1 SLN, Liposomes and PLGA NPs Stability According to Their Size, Polydispersity Index and Zeta Potential. Results are 
Presented as Mean ± SD (n=3)

Particle Size (nm) PdI Zeta Potential (mV)

Day 0 Day 3 Day 7 Day 0 Day 3 Day 7 Day 0 Day 3 Day 7

Liposomes 96 ± 9 97 ± 8 97 ± 3 0.21 ± 0.02 0.22 ± 0.05 0.22 ± 0.02 −1.2 ± 0.8 −2.0 ± 0.8 −0.9 ± 0.6

PLGA NPs 183 ± 9 182 ± 9 180 ± 9 0.07 ± 0.01 0.06 ±0.02 0.07 ± 0.02 −21.2 ± 0.5 −20 ± 2 −19 ± 2
SLNs 203 ± 7 197 ± 4 199 ± 6 0.12 ± 0.02 0.12 ± 0.01 0.13 ± 0.02 −17 ± 3 −18 ± 3 −16 ± 3

Abbreviation: PdI, polydispersity index.
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the cetyl palmitate nature. Liposomes present a zeta poten-
tial close to 0 mV, which is expected due to the lipids nature.

Every week, fresh NPs were produced. That way, the 
stability of NPs was monitored for 7 days and no signifi-
cant alterations in size, PdI or zeta potential was observed 
(Table 1). Additionally, PVA was used as an emulsion 
stabilizer for PLGA NPs since it has a high affinity 
towards PLGA. PVA forms a uniform layer on the NPs’ 
surface, conferring stability against aggregation due to the 
steric repulsion between NPs.41 Also, Pluronic® F-127 
works as a stabilizer for SLNs.

Clinical Evaluation
There were no unscheduled deaths, and no systemic clinical 
signs of disease in any of the animals. To evaluate whether 
animal manipulation, injection-associated stress or NPs 
administration could affect animal BW, this parameter was 
monitored for the duration of NPs administration. To decrease 
animal stress during the BW measurements, animals were 
weighed in three crucial moments: prior to the first NPs injec-
tion (3 m. o.), in the middle of the injection period (4 m. o.) and 

before mice euthanasia (5 m. o.), as schematically presented 
in Figure 2.

Overall, we observe that the chronic injection of NPs did 
not affect the global BW of the animals (Figure 3). 
However, it should be noted that SLN-injected animals 
presented a transient loss in BW in the intermediate time-
point. This slight difference is indeed significant for females 
(Figure 3B; n = 3–4; *p < 0.05 when comparing SLN group 
to PLGA-treated animals; **p <0.01, when comparing SLN 
group to CTR and liposomes-treated animals; one-way 
ANOVA with Holm-Sidak’s post-test) and it is presented 
only by a tendency in male animals (Figure 3A; n=4). 
Nevertheless, animals injected with SLN recovered BW in 
the last month of injections, demonstrating that NPs injec-
tion did not promote marked BW alterations for the com-
plete time course of the experiment.

NPs Systemic Distribution
At the end of the injection period (3 days after the last 
injection), mice were necropsied and all major organs 
were collected and processed for histopathological analysis. 

Figure 1 Morphological characterization of NPs by transmission electron microscopy: liposomes (A), PLGA NPs (B) and SLN NPs (C). Samples were diluted at a ratio of 
1:100. Scale bar corresponds to 200 nm.

Figure 2 (A) Experimental time-points associated with NPs injections and BW evaluation, as well as the organs collection. (B) Identification of the collected organs that 
were subsequently analyzed to test the presence and distribution of NPs and/or histopathological lesions.
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The optical birefringence of NPs allowed for scoring its 
tissue distribution and density. NPs were detected inside 
phagocytes and also extracellularly, in liver, spleen and 
bone marrow (Figures 4 and 5). No NPs accumulation 
could be detected in the brain, lung, kidney, heart, and 
thymus or in any organ of mice from injected animals. In 
NPs-injected mice, we observed that the compounds accu-
mulated in different magnitudes, in different organs and 
with minor differences regarding animal sex (Figures 4 
and 5). Overall, we observed that SLN-treated animals 
significantly showed the highest NPs accumulation, while 
liposomes-treated animals presented the lowest NPs accu-
mulation and PLGA NPs-treated animals presented inter-
mediate NPs accumulation, as described in detail below. In 
liver, only SLN-treated animals showed NPs accumulation, 
and this could be detected in both sexes (Figures 4A and 5; 
n=3-4; ****p <0.0001; One-Way ANOVA followed by 

Figure 3 (A) Bodyweight variation over experiment duration (x-axis). The y-axis 
represents the weight change of male animals in relation to the first day of NPs 
administration. (B) Bodyweight variation over experiment duration (x-axis). The 
y-axis represents the weight change of female animals in relation to the first day of 
NPs administration. Data are expressed as mean ± SEM (n = 3–4; *p < 0.05 when 
comparing SLN group to PLGA-treated animals; **p <0.01, when comparing SLN 
group to CTR and liposomes-treated animals; one-way ANOVA with Holm-Sidak’s 
post-test).

Figure 4 NPs distribution in liver, spleen and bone marrow of NPs-injected mice. 
Score of NPs presence and distribution in liver (A), spleen (B) and bone marrow 
(C) of experimental animals. Pathology score for NPs density followed a 5-tier 
severity scale: 0, absent; 1, minimal; 2, mild; 3, moderate; 4, marked. Data is 
represented as mean ± SEM (n=3-4; *** p < 0.001, **** p < 0.0001; one-way 
ANOVA followed by Holm-Sidak’s post-test).
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Holm-Sidak’s post-test). In spleen, although NPs accumu-
lation observed in liposomes- and PLGA NPs-treated ani-
mals, there was a markedly stronger NPs accumulation in 
the SLN group (Figures 4B and 5; n=3-4; ****p <0.0001; 
One-Way ANOVA followed by Holm-Sidak’s post-test). In 
this organ, an increase in NPs density in female PLGA- 
treated animals, as when compared to female liposomes- 
treated animals was also detected (Figures 4B and 5; n=4; 
*p <0.05; One-Way ANOVA followed by Holm Sidak’s 
post-test). Finally, in bone marrow, there was a higher NPs 

accumulation in the SLN group (Figures 4C and 5; n=3-4; 
****p <0.0001; One-Way ANOVA followed by Holm- 
Sidak’s post-test). In the same tissue, we also observed 
a moderate NPs distribution in PLGA-treated animals 
(Figures 4C and 5; n=3-4; ***p <0.001, ****p <0.0001; 
One-Way ANOVA followed by Holm-Sidak’s post-test). 
Interestingly, females treated with liposomes presented 
NPs accumulation in the bone marrow, whereas in male 
animals no NPs could be detected (Figures 4C and 5; n=4; 
****p <0.0001; One-Way ANOVA followed by Holm- 

Figure 5 Histopathology images under polarized light of liver, spleen and bone marrow of CTR and NPs-injected male and female animals. NPs were not detected in organs 
or in control mice. Original magnification, 20x (for liver and spleen) and 40x (bone marrow). White arrows point to nanoparticles accumulated in the tissue.
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Figure 6 Identification of lesions presence and severity in liver (A), kidney (B) and lung (C) of experimental animals. No statistical differences between groups were 
obtained. No statistical differences between groups were obtained. Pathology score for lesions presence followed a 5-tier severity scale: 0, absent; 1, minimal; 2, mild; 3, 
moderate; 4, marked. Data is represented as mean ± SEM (n=3-4; non-significant; one-way ANOVA followed by Holm-Sidak’s post-test). Complete description for 
histopathological findings is showed in Supplementary Table 1.
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Sidak’s post-test). This was the only statistically significant 
difference observed when comparing the two sexes for the 
same treatment and organ.

Histopathology and Toxicology
To evaluate the toxicity of NPs, histological changes were 
assessed in brain, heart, spleen, thymus, liver, kidney and 
lung (Figures 6-8). No significant changes were detected 
in brain, heart, spleen and thymus of both control mice or 
mice injected with NPs (Supplementary Table 1).

In liver and kidney, both control and NPs-injected mice 
showed minimal to mild lesions, corresponding to multi-
focal hepatocellular necrosis and mononuclear inflamma-
tory cell infiltration of the renal stroma, seen in 77% of the 
animals (Figures 6A and B, 7 and 8; n=3-4; non-significant 
; One-Way ANOVA followed by Holm-Sidak’s post-test). 

These correspond to background lesions (incidental/spon-
taneous findings typical in laboratory rodents), unrelated to 
NPs administration and with no significant difference 
between experimental groups (n=3-4; non-significant; 
One-Way ANOVA followed by Holm-Sidak’s post-test). 
In the lung, focal pleuritis (mononuclear inflammatory cell 
infiltration, mild) was observed in only 1 out of 31 animals 
(Figures 6C, 7 and 8; n=3-4; non-significant; One-Way 
ANOVA followed by Holm-Sidak’s post-test).

A complete description of the histopathological find-
ings is showed in Supplementary Table 1.

Discussion
In the present work, we observed that SLN, when admi-
nistered for 2 months, clearly accumulates in the liver, 
spleen and bone marrow without causing measurable 

Figure 7 Representative microphotographs from male animals of H&E-stained sections of brain, kidney, heart, liver, spleen, thymus and lung. Original magnification, 20x.
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signs of toxicity. Liposome and PLGA NPs are also vir-
tually devoid of toxicity but their accumulation is lower 
than SLN. Though dependent on the tissue and sex, the 
observed trend was that liposome nanoparticles accumu-
late less than PLGA NPs and always significantly less than 
SLN nanoparticles. However, it is important to refer that 
the animals treated with SLN and PLGA NPs presented 
some grunting noise, which may demonstrate some dis-
comfort during NPs administration. This might be due to 
the SLN and PLGA NPs size since those NPs are bigger 
than the liposomes. Still regarding the intrinsic properties 
of NPs, the tendency to the reduction of BW in animals 
treated with SLN after 1 month of treatment may be 
explained by alterations in the immune system, such as 
its effect upon viability and cytokine production of 
macrophages.42 Nonetheless, the BW of SLN-treated ani-
mals is recovered and normalized at the endpoint of 

the study, suggesting this parameter in these animals is 
not impaired.

In order to evaluate the effect of NPs chronic administra-
tion, 3 days after the last injection, a comprehensive necropsy 
was performed to allow a deeply histopathological analysis, 
without the interference of possible acute signs of animal 
manipulation and/or i.p. injections. NPs' accumulation in tis-
sues did not promote any toxic effect microscopically. Sex 
differences were almost negligible in qualitative terms, except 
for the accumulation of liposome NPs in the bone marrow of 
females but not in males. Anyway, this difference could be 
attributed to a multiplicity of factors that are distinct between 
male and female mice, including microbiota properties, 
genetic and hormonal events or immune cell phenotype, 
among others.43–45 NPs accumulation might be a useful ther-
apeutic strategy using the NPs produced under the described 
protocol. Here, we should highlight the increased NPs 

Figure 8 Representative microphotographs from female animals of H&E-stained sections of brain, kidney, heart, liver, spleen, thymus and lung. Original magnification, 20x.
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accumulation for SLN-treated animals in liver, bone marrow 
and spleen, which may be attributed to SLN negative nature. 
In fact, Uner and Yener find that the hydrophobicity and the 
negative surface charge induce the penetration into lymphatic 
interstitium.46 In the future, the drug-loaded NPs that accumu-
late in particular tissues, releasing the drug overtime without 
causing toxicity for those organs, might be a strong advantage 
whenever these organs are the target for the delivered drug. We 
observed that this data is in line with previous reports, which 
also described liver and spleen as the dominant NPs targeted 
organs.47–52 Since this study did not evaluate drug-loaded 
NPs, one should acknowledge that the absence of toxicity 
needs to be demonstrated for each drug to be loaded, since it 
may have intrinsic toxicity. Nevertheless, our work clearly 
shows that there is no promotion of toxicity by the drug 
delivery systems tested per se. Although some evidences in 
the literature state that i. p. injections of several NPs could 
induce toxicity, detected in BW measurements.53 In this work, 
we did not detect any significant impact of i. p. injections by 
the end of the experiments.

One of the well-documented advantages of NPs is asso-
ciated with a marked cellular uptake and BBB 
crossing.36,37,54–56 However, this should be considered, 
since those NPs may establish interactions with intracellular 
biological components, affecting their effect and possibly 
compromising its physiological functions overtime.57–60 

Several studies were already performed to evaluate NPs 
toxicity; however, they are mainly answering to questions 
for a limited time window, ranging from an acute adminis-
tration to evaluations after 4 weeks.53,61

Conclusions
In the last decades, there is a marked increase in the interest 
of NPs research.62–64 One of the main applications of these 
types of compounds, nowadays, is related to biomedicine. 
However, little is known about their safety in chronic stu-
dies using high dosages. The in vivo results herein reported 
are encouraging for long-term therapies using NPs, since 
these specific liposomes, PLGA NPs and SLNs, with 
a diameter lower than 200 nm, did not present any measur-
able toxicity in the parameters and the organs evaluated. 
Therefore, this work highlights that the usage of NPs for 
longer times can be a useful therapeutic strategy. Hence, 
these three types of NPs studied here are of considerable 
interest and can be used in the treatment of chronic diseases, 
such as Alzheimer’s and Parkinson’s diseases, diabetes, 
cancer, cardiovascular diseases and others.
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