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Among the different types of nanosystems that have been investigated for therapeutic
use, lipid-based ones are the most explored, as they have advantages over non-lipid
nanosystems, especially for improving the transport and efficacy of drugs through different
routes of administration, such as ocular, cutaneous, intranasal, and intravenous [1–18].

The concept of lipid-based nanosystems is broad and includes solid lipid nanoparti-
cles (SLN), nanostructured lipid carriers (NLC), cationic lipid nanoparticles, liposomes,
exosomes, nanoemulsions, microemulsions, and self-nanoemulsifying systems. Studies
have shown that these nanosystems are promising for improving the efficacy of lipophilic
drugs or nucleic acids in different therapeutic applications, especially those that respond to
unmet medical needs [2,4,19–26].

In the second edition of the Special Issue on lipid-based nanosystems, we notice that
research in this field remains very active, as we published 16 works, including 10 research
articles and 6 review articles, which were the following:

1. Aljuffali, I.A.; Anwer, M.K.; Ahmed, M.M.; Alalaiwe, A.; Aldawsari, M.F.; Fatima, F.;
Jamil, S. Development of Gefitinib-Loaded Solid Lipid Nanoparticles for the Treatment
of Breast Cancer: Physicochemical Evaluation, Stability, and Anticancer Activity in
Breast Cancer (MCF-7) Cells. Pharmaceuticals 2023, 16, 1549. https://doi.org/10.3390/
ph16111549.

2. Ocaña-Arakachi, K.; Martínez-Herculano, J.; Jurado, R.; Llaguno-Munive, M.; Garcia-
Lopez, P. Pharmacokinetics and Anti-Tumor Efficacy of PEGylated Liposomes Co-
Loaded with Cisplatin and Mifepristone. Pharmaceuticals 2023, 16, 1337. https://doi.
org/10.3390/ph16101337.

3. Arif, S.T.; Khan, M.A.; Zaman, S.u.; Sarwar, H.S.; Raza, A.; Sarfraz, M.; Bin Jardan, Y.A.;
Amin, M.U.; Sohail, M.F. Enhanced Antidepressant Activity of Nanostructured Lipid
Carriers Containing Levosulpiride in Behavioral Despair Tests in Mice. Pharmaceuticals
2023, 16, 1220. https://doi.org/10.3390/ph16091220.

4. Tyagi, R.; Waheed, A.; Kumar, N.; Ahad, A.; Bin Jardan, Y.A.; Mujeeb, M.; Kumar, A.;
Naved, T.; Madan, S. Formulation and Evaluation of Plumbagin-Loaded Niosomes
for an Antidiabetic Study: Optimization and In Vitro Evaluation. Pharmaceuticals 2023,
16, 1169. https://doi.org/10.3390/ph16081169.

5. Ahalwat, S.; Bhatt, D.C.; Rohilla, S.; Jogpal, V.; Sharma, K.; Virmani, T.; Kumar,
G.; Alhalmi, A.; Alqahtani, A.S.; Noman, O.M.; et al. Mannose-Functionalized
Isoniazid-Loaded Nanostructured Lipid Carriers for Pulmonary Delivery: In Vitro
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Prospects and In Vivo Therapeutic Efficacy Assessment. Pharmaceuticals 2023, 16, 1108.
https://doi.org/10.3390/ph16081108.

6. Peczek, S.H.; Tartari, A.P.S.; Zittlau, I.C.; Diedrich, C.; Machado, C.S.; Mainardes, R.M.
Enhancing Oral Bioavailability and Brain Biodistribution of Perillyl Alcohol Using
Nanostructured Lipid Carriers. Pharmaceuticals 2023, 16, 1055. https://doi.org/10.339
0/ph16081055.

7. Satyanarayana, S.D.; Abu Lila, A.S.; Moin, A.; Moglad, E.H.; Khafagy, E.-S.; Alotaibi,
H.F.; Obaidullah, A.J.; Charyulu, R.N. Ocular Delivery of Bimatoprost-Loaded Solid
Lipid Nanoparticles for Effective Management of Glaucoma. Pharmaceuticals 2023, 16,
1001. https://doi.org/10.3390/ph16071001.

8. Garrós, N.; Bustos-Salgados, P.; Domènech, Ò.; Rodríguez-Lagunas, M.J.; Beirampour,
N.; Mohammadi-Meyabadi, R.; Mallandrich, M.; Calpena, A.C.; Colom, H. Baricitinib
Lipid-Based Nanosystems as a Topical Alternative for Atopic Dermatitis Treatment.
Pharmaceuticals 2023, 16, 894. https://doi.org/10.3390/ph16060894.

9. Tong, Y.; Shi, W.; Zhang, Q.; Wang, J. Preparation, Characterization, and In Vivo Evalu-
ation of Gentiopicroside-Phospholipid Complex (GTP-PC) and Its Self-Nanoemulsion
Drug Delivery System (GTP-PC-SNEDDS). Pharmaceuticals 2023, 16, 99. https://doi.
org/10.3390/ph16010099.

10. Rincón, M.; Espinoza, L.C.; Silva-Abreu, M.; Sosa, L.; Pesantez-Narvaez, J.; Abrego, G.;
Calpena, A.C.; Mallandrich, M. Quality by Design of Pranoprofen Loaded Nanostruc-
tured Lipid Carriers and Their Ex Vivo Evaluation in Different Mucosae and Ocular
Tissues. Pharmaceuticals 2022, 15, 1185. https://doi.org/10.3390/ph15101185.

11. Paiva, D.d.F.; Matos, A.P.d.S.; Garófalo, D.d.A.; do Nascimento, T.; Monteiro, M.S.d.S.d.B.;
Santos-Oliveira, R.; Ricci-Junior, E. Use of Nanocarriers Containing Antitrypanosomal
Drugs for the Treatment of Chagas Disease. Pharmaceuticals 2023, 16, 1163. https:
//doi.org/10.3390/ph16081163.

12. Korzun, T.; Moses, A.S.; Diba, P.; Sattler, A.L.; Taratula, O.R.; Sahay, G.; Taratula,
O.; Marks, D.L. From Bench to Bedside: Implications of Lipid Nanoparticle Carrier
Reactogenicity for Advancing Nucleic Acid Therapeutics. Pharmaceuticals 2023, 16,
1088. https://doi.org/10.3390/ph16081088.

13. Subhan, M.A.; Filipczak, N.; Torchilin, V.P. Advances with Lipid-Based Nanosystems
for siRNA Delivery to Breast Cancers. Pharmaceuticals 2023, 16, 970. https://doi.org/
10.3390/ph16070970.

14. Gugleva, V.; Andonova, V. Recent Progress of Solid Lipid Nanoparticles and Nanos-
tructured Lipid Carriers as Ocular Drug Delivery Platforms. Pharmaceuticals 2023, 16,
474. https://doi.org/10.3390/ph16030474.

15. Richards, T.; Patel, H.; Patel, K.; Schanne, F. Endogenous Lipid Carriers—Bench-to-
Bedside Roadblocks in Production and Drug Loading of Exosomes. Pharmaceuticals
2023, 16, 421. https://doi.org/10.3390/ph16030421.

16. Torres, J.; Costa, I.; Peixoto, A.F.; Silva, R.; Sousa Lobo, J.M.; Silva, A.C. Intranasal
Lipid Nanoparticles Containing Bioactive Compounds Obtained from Marine Sources
to Manage Neurodegenerative Diseases. Pharmaceuticals 2023, 16, 311. https://doi.
org/10.3390/ph16020311.

Among the articles published in this Special Issue on lipid-based nanosystems, the
lipid nanoparticles, specifically NLC, are the most explored, which suggests the potential
of these systems to reach clinic in the upcoming years. Regarding the most investigated
diseases, these include cancer, brain diseases, ocular diseases, skin diseases, microbial
infections, and metabolic diseases. Thereby, we hope that all these works will contribute to
the advancement of these scientific fields.

We would like to thank all the authors of this Special Issue for contributing high-
quality articles, as well as all the reviewers who critically evaluated these works. We also
thank to the assistant editor Evelyn Du for her kind help in managing this Special Issue.
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Abstract: In the current study, the toxic effects of gefitinib-loaded solid lipid nanoparticles (GFT-
loaded SLNs) upon human breast cancer cell lines (MCF-7) were investigated. GFT-loaded SLNs were
prepared through a single emulsification–evaporation technique using glyceryl tristearate (Dynasan™
114) along with lipoid® 90H (lipid surfactant) and Kolliphore® 188 (water-soluble surfactant). Four
formulae were developed by varying the weight of the lipoid™ 90H (100–250 mg), and the GFT-
loaded SLN (F4) formulation was optimized in terms of particle size (472 ± 7.5 nm), PDI (0.249), ZP
(−15.2 ± 2.3), and EE (83.18 ± 4.7%). The optimized formulation was further subjected for in vitro
release, stability studies, and MTT assay against MCF-7 cell lines. GFT from SLNs exhibited sustained
release of the drug for 48 h, and release kinetics followed the Korsmeyer–Peppas model, which
indicates the mechanism of drug release by swelling and/or erosion from a lipid matrix. When pure
GFT and GFT–SLNs were exposed to MCF-7 cells, the activities of p53 (3.4 and 3.7 times), caspase-3
(5.61 and 7.7 times), and caspase-9 (1.48 and 1.69 times) were enhanced, respectively, over those in
control cells. The results suggest that GFT-loaded SLNs (F4) may represent a promising therapeutic
alternative for breast cancer.

Keywords: gefitinib; lipid; surfactant; solid lipid nanoparticles; stability; breast cancer cell; MTT
assay; anticancer

1. Introduction

Gefitinib (GFT) is a small molecule that belongs to the quinazoline family with molec-
ular formula C22H24ClFN4O3, and the IUPAC name is 4-Quinazolinamine, N-(3-chloro-
4-fluorophenyl)-7-methoxy-6-[3-(4-morpholinyl)propoxy]. The molecular weight of GFT
is 446.9 g/mol, with a partition coefficient (logP) of about 3.5, which indicates that it has
a moderate lipophilicity and can cross cell membranes [1,2]. It is a pale yellow powder,
sensitive to light, and prone to degradation upon exposure to UV radiation. It is slightly
soluble in water (0.1 mg/mL) but more soluble in organic solvents such as methanol,
DMSO, ethanol, and acetone [3,4].

GFT was first developed by AstraZeneca and was approved by the U.S. Food and Drug
Administration (FDA) in May 2003 [5]. GFT is used in the targeted therapy category due to
its ability to block the epidermal growth factor receptor (EGFR), which is overexpressed in
many types of cancer and promotes the growth and spread of cancer cells. As an EGFR
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tyrosine kinase inhibitor, GFT disrupts EGFR signaling and thus leads to the inhibition
of cell proliferation, migration, and survival and the inducement of apoptosis in cancer
cells. Reported side effects of GFT include skin rash, diarrhea, and liver toxicity [6–8]. In
addition to its use in non-small-cell lung cancer, GFT has also been investigated for the
treatment of other types of cancer, such as breast cancer, ovarian cancer, and head and
neck cancer [9,10]. It has been suggested that GFT alone or in combination can be used in
breast cancer treatment. MCF-7 is a type of breast cancer cell that expresses EGFR [11–14].
GFT was found to have a synergistic impact with the tamoxifen treatment, inhibiting the
proliferation of endocrine-resistant MCF-7 breast cancer cells via lowering AKT and MAPK
phosphorylation [15,16].

A study on the effects of GFT in combination with docetaxel, a commonly used
chemotherapy drug, on MCF-7 cells found that the combination of GFT and docetaxel re-
sulted in greater antiproliferative effects than either drug alone, suggesting that combining
GFT with other chemotherapy drugs may enhance anticancer efficacy [13]. However, its
use in these cancers is not yet well established and is still being studied in clinical trials.

To improve the bioavailability and therapeutic efficacy of GFT, researchers have been
investigating various drug delivery systems. Nanoliposomes were developed for GFT to
improve the solubility, stability, bioavailability, and efficacy of GFT in the treatment of
lung cancer [15]. Using ionic gelation, Gupta et al. prepared polymeric nanoparticles to
encapsulate drugs and improve their delivery and release at the target tumor cells more
precisely [16]. In another study, PEGylated solid lipid nanoparticles were developed as a
promising approach for lymphatic delivery of GFT [17]. Similarly, studies on GFT-loaded
nanomicelles, self-assembled structures made of surfactants to target lung cancer stem cells,
have the potential significantly to impact cancer therapy [18].

The development of stable GFT-loaded SLNs and further investigation of their poten-
tial application in the treatment of breast cancer are the goals of this study. Lipid Dynasan™
114, lipid surfactant (lipoid 90H), and water-soluble surfactant (Kolliphore® 188) were
used to create the GFT-loaded SLNs. The developed SLNs were tested against the MCF-7
breast cancer cell lines. GFT represents an established in vitro experimental model to study
cytotoxicity effects, which is why the MCF-7 cell lines were chosen [19]. If the newly
synthesized formulation demonstrates the desired cytotoxic action, the results of this study
may eventually be used to treat breast cancer.

2. Results and Discussion
2.1. Particle Characterization and Drug Encapsulation

Among the four SLNs, GFT-loaded SLNs (F4) (Lipoid 90H, 250 mg) had better particle
properties (Table 1). In general, the particle size varied, ranging from 378 to 472 nm. They
have the benefit of allowing the drug entrapped within SLNs to pass through physiological
drug barriers. Endocytosis allows for the passage of particles smaller than 500 nm through
the epithelial cell membrane [20–22]. It is obvious that an increase in the concentration of
lipid surfactant in the formulation results in an increase in particle size. It was found that
the zeta potential increases with an increase in the Lipoid 90H amount in the formulation.
As a result, a zeta potential of −15.2 mV was found to be more stable for GFT-loaded SLNs
(F4) than for other formulations. At various lipid concentrations, the entrapment efficiency
(EE) of GFT was also investigated in SLNs. It was found that the quantity of lipid surfactant
affected the extent of GFT entrapment from 64.07 to 83.18%.
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Table 1. Particle characterization of developed GFT-loaded SLNs.

GFT-Loaded SLNs Particle Size (nm) PDI ZP (mV) EE (%)

F1 378 ± 7.4 0.162 ± 0.002 −10.5 ± 1.3 64.07 ± 4.8

F2 405 ± 8.3 0.328 ± 0.014 −12.8 ± 1.2 66.67 ± 3.8

F3 465 ± 6.3 0.223 ± 0.011 −14.4 ± 0.8 71.69 ± 7.6

F4 472 ± 7.5 0.249 ± 0.004 −15.2 ± 2.3 83.18 ± 4.7
PDI, ZP, and EE stand for polydispersity index, zeta potential, and entrapment efficiency, respectively. “Particle
size—significant difference (p < 0.0001) among all SLNs except F3 vs. F4 (non-significant); PDI—significant differ-
ence (p < 0.0001) among all SLNs; Zeta potential—non-significant among all SLNs except F1 vs. F4 (significant)
(p < 0.05); EE%—significant difference (p < 0.05) between F1 vs. F4 and F2 vs. F4 and non-significant difference
among F1 vs. F2, F1 vs. F3, F2 vs. F3, and F3 vs. F4. One-way ANOVA and Tukey’s multiple comparison between
formulations are used to test these findings”.

2.2. Thermal Studies

A comparison of the thermal spectra of pure GFT and GFT-loaded SLNs (F2–F4) is
shown in Figure 1. The DSC spectra of pure GFT showed a distinct endothermic peak at
199 ◦C, which was consistent with the literature [23–25]. GFT-loaded SLNs (F2) showed a
reduced endothermic peak of GFT with minor shifting, while GFT-loaded SLN (F3) and
SLN (F4) showed a complete disappearance of GFT peaks, demonstrating that there was no
interaction or incompatibility between the drug and the excipients used, which is consistent
with the diluting effect caused by the presence of lipids.
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Figure 1. Characterization of pure GFT and GFT-loaded SLNs (F1-F4) using DSC spectra.

2.3. In Vitro Release Studies

SLNs are composed of dynasan lipids that can encapsulate GFT. These nanoscale
particles were stabilized by a combination of poloxomer and lipoid stabilizers. Prepared
GFT-loaded SLNs (F4) could serve as sustained drug carriers and also as drug stabiliz-
ers (Figure 2). The release interpretation of the pure drug at pH 7.4 demonstrates that
initially, there was no release. Over time, however, GFT release increased gradually at
0.5 h (36.8%). The release continued to increase reaching 36.8%, 69.8%, and 83.2% at 1, 2,
and 4 h, respectively. The drug release further progressed to 94.3% at 6 h and 99.4% at
8 h. The SLN formulation appears to have a sustained release rate compared to pure GFT.
Further, it appears that the release reached a plateau or near-complete release at later time
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points. Since Dynasan™ 114 is a solid lipid with a high melting point, it can provide a
sustained release effect by delaying the diffusion of the drug molecules from the Lipid
Matrix. Lipid Dynasan™ 114 is a synthetic lipid used in SLNs [26]. Lipid surfactant (e.g.,
Lipoid 90H) could be instrumental in improving GFT drug release over a prolonged period
by promoting its solubility in the lipid matrix and sustaining its release. The presence of
Lipoid 90H at the particle surface helps prevent particle aggregation and also contributes to
a controlled drug release profile by inhibiting burst release and promoting sustained release
over time [27]. Water-soluble surfactants such as Kolliphore® 188 are used in combination
with lipid surfactants to stabilize SLNs. Kolliphore® 188 is a block copolymer composed
of hydrophilic poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO)
segments. The PEO chains can adsorb onto the surface of SLNs, creating a stearic barrier
similar to the lipid surfactants, avoiding agglomeration and keeping particles small in size,
thereby improving the effective surface area for dissolution of the drug substance from the
carriers [28]. The presence of Kolliphore® 188 can alter the release kinetics by regulating
the diffusion of the drug through the surfactant layer. Additionally, the hydrophilic nature
of Kolliphore® 188 can enhance the release of hydrophilic drugs by facilitating their dis-
solution and diffusion through the aqueous media [29,30]. Using a combination of lipid
Dynasan™ 114, Lipoid 90 H, and Kolliphore® 188 in the preparation of GFT-loaded SLNs
exerts a synergistic influence on the drug release profile.
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Figure 2. In vitro release of pure GFT and optimized GFT-loaded SLNs (F4).

The release kinetics data of GFT-loaded SLNs (F4) show the correlation coefficients
(R2 values) for different drug release kinetic models at pH 7.4. The zero-order model
suggests that the drug is released at a constant rate over time at an R2 value of 0.714, which
suggests that the GFT released was independent of the drug concentration. The first-order
model assumes an exponential decay in GFT release over time, with an R2 value of 0.878,
which indicates a better fit to the first-order model compared to the zero-order model.
The Higuchi model describes drug release based on Fickian diffusion, where the release
rate is proportional to the square root of time. The R2 was found to be 0.715, indicating
a moderate fit to the Higuchi model. Conversely, the R2 of SLNs was found to be 0.909,
indicating a reasonable fit to the Korsmeyer–Peppas model. The release exponent (n value)
falls between 0.45 and 0.89; it indicates a combination of diffusion and other factors, such
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as swelling, erosion, or relaxation of the matrix. The n value observed by us was 0.309. The
postulated mechanism of drug release may involve swelling and/or erosion of the lipid
matrix because a higher R2 was seen in the Korsmeyer–Peppas model and along with an n
value of less than 0.3 from optimized SLNs [31].

2.4. Morphology

The scanning electron microscopy (SEM) images of optimized GFT-loaded SLNs (F4)
appeared smooth, spherical, and aggregated. The size observations of these particles
conform with their DLS data. The lyophilizing aqueous SLN dispersions may encour-
age nanoparticle aggregation, particularly when freeze drying is performed without the
application of a cryoprotectant (Figure 3).
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2.5. Stability Studies

The size, polydispersity index (PDI), zeta potential (ZP), and EE of the optimized
GFT-loaded SLNs (F4) were studied at different time intervals (1, 2, and 3 months) after
storage at 25 ± 1 ◦C and 37 ± 1 ◦C. The results are tabulated in Table 2. No significant
changes were observed (p < 0.05) in the size, PDI, ZP, and EE at either storage temperature.
The EE analysis revealed that the GFT was present at a 77.8% level after 3 months, even
at 37 ◦C, indicating that the GFT-loaded SLNs (F4) were chemically stable and did not
undergo any drug alteration or decomposition. According to the results of the drug content
study, the probe sonication procedure used to prepare the SLNs could not have affected the
drug’s chemical stability. As a result, the developed GFT-loaded SLNs can be kept for up to
three months at room temperature without significantly losing their drug content or other
physical properties.
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Table 2. Results of particle characterization of GFT-loaded SLNs (F4) after stability study.

Months Conditions Size (nm ±
SD) PDI (±SD) ZP (mV)

(±SD) EE (% ± SD)

0 - 473 ± 7.5 0.249 ± 0.004 −15.7 ± 2.3 83.2 ± 4.7

1
25 ◦C

474 ± 7.7 0.256 ± 0.009 −15.4 ± 2.0 82.3 ± 1.8
2 481 ± 2.6 0.266 ± 0.009 −14.5 ± 1.1 80.3 ± 3.2
3 488 ± 2.7 0.273 ± 0.005 −13.9 ± 5.5 79.2 ± 1.9

1
37 ◦C

490 ± 8.5 0.263 ± 0.036 −14.3 ± 0.6 79.3 ± 1.0
2 496 ± 8.0 0.281 ± 0.006 −14.2 ± 0.5 78.9 ± 2.3
3 500 ± 10.0 0.278 ± 0.005 −14.0 ± 1.8 77.8 ± 1.8

2.6. MTT Assay on Breast Cancer Cell Lines

Figure 4 illustrates the cytotoxicity of pure GFT and GFT–SLNs towards MCF-7 cells.
The IC50 of pure GFT and GFT–SLNs against MCF-7 were 4.0822 µM and 2.7814 µM,
respectively. The GFT-loaded SLNs (F4) indicated a significant reduction in cell viability
(100.93%, 85.98%, 82.00%, 76.16%, 60.19%, 49.73%, 25.642%, 13.817%, 5.565%, and 4.82% at
0.098, 0.195, 0.39, 0.78, 1.56, 3.125, 6.25, 12.50, 25, and 100 µM, respectively) in comparison
to pure GFT (98.214%, 92.866%, 87.898%, 85.884%, 78.28%, 64.79%, 43.93%, 36.53%, 25.08%,
and 19.84% at 0.098, 0.195, 0.39, 0.78, 1.56, 3.125, 6.25, 12.50, 25, and 100 µM, respectively),
as depicted in Figure 4, against MCF-7 cells. In the MTT assay using MCF-7 cells, the
cytotoxic effect of GFT-loaded SLNs was significantly (p < 0.001) increased in comparison
to pure GFT and blank SLNs. The GFT-loaded SLNs improve GFT’s anticancer activity in
MCF-7 cells, which is thought to be due to the increased bioavailability and cellular uptake
of drugs in the SLNs. As a result, the use of SLNs with GFT could be a replacement for the
current method of treating human cancer with pure GFT.
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2.7. Morphological Changes in MCF-7 Cells Treated with GFT-Loaded SLNs

Figure 5 shows the morphological changes of MCF-7 cell lines after treatment with
control, pure GFT, and GFT-loaded SLNs (F4). Compared to the control and pure GFT cells,
cells treated with GFT-loaded SLNs showed the greatest amount of cell death after 24 h of
incubation. Shrinkage and reduction in the number of adherent viable cells and increase in
floating dead cells were observed in MCF-7 cells treated with pure GFT and GFT-loaded
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SLNs (F4). This corresponds to the data from the MTT assay. The morphological changes
are caused by damage to the cell organelles. Untreated MCF-7 cells typically exhibit an
epithelial-like morphology; cells appear to be densely packed together. Individual MCF-7
cells often have a round or polygonal shape. When cultured at high density, MCF-7 cells
tend to be tightly packed together, forming cohesive cellular clusters or islands. GFT-treated
MCF-7 cells exhibit a reduced size compared to untreated cells. This shrinkage can result
from various phenomena, such as cytoskeletal rearrangements or cellular dehydration.
Treated cells display irregular or elongated shapes, differing from the typical round or
polygonal morphology of untreated MCF-7 cells. Also treated cells exhibited a disruption
in cell–cell junctions, leading to a loss of the well-defined cobblestone-like appearance.
GFT-treated cells appear more scattered. GFT-loaded SLNs reduced the proliferation of
MCF-7 cells, resulting in fewer cells compared to pure GFT-treated cells and untreated
MCF-7 cells, as observed under a microscope. Cell-to-cell adhesion properties of MCF-7
cells were also found to be modified with F4 treatment. This may result in altered cell
clustering, a loss of tight junctions, or changes in the formation of adherens junctions.
GFT treatment with SLN F4 may induce programmed cell death, such as apoptosis, in
MCF-7 cells.
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2.8. ELISA Assay of P53, Caspase-3, and Caspase-9

Apoptosis, or programmed cell death, is mostly carried out through activated caspase-
3 and the activation of p53 [32–34]. It selectively disassembles many intracellular compo-
nents without harming or inflaming the neighboring normal cells. T chemotherapy-induced
cell death and cancer cell apoptosis have been linked to p53, caspase-3, and caspase-9 ac-
tivities. In this study, p53 expression in pure GFT and GFT–SLN groups was significantly
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increased compared to the untreated group (p < 0.05), indicating that GFT-loaded SLN (F4)
> pure GFT has many characteristics. Strong apoptotic activity was exhibited when pure
GFT and GFT–SLNs were exposed to MCF-7 cells; the activities of p53 (3.4 and 3.7 times),
caspase-3 (5.61 and 7.7 times), and caspase-9 (1.48 and 1.69 times) were enhanced in those
samples, respectively, compared to the control cells (Figure 6). The greater efficacy of GFT
in SLNs raises a potential explanation for the triggering of apoptosis in cancer cells.
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Figure 6. Effects of GFT-loaded SLNs on the level of p53, caspase-3, and caspase-9. Data were
observed to show significant difference (** p < 0.05) in GFT-loaded SLNs (F4) vs. control and pure
GFT (P53 and caspase-3) and non-significant difference (p > 0.05) between GFT-loaded SLNs (F4) and
pure GFT (caspase-9).

3. Materials and Methods
3.1. Materials

The GFT was bought from “Mesochem Technology in Beijing, China”. Glyceryl
trimyristate (Dynasan 114), Kolliphore® 188, Lipoid 90H, and dichloromethane were bought
from “Sigma Aldrich, St. Louis, MO, USA”. All solvents/chemicals and purified water
(MilliQ) used throughout the study were of analytical grade.

3.2. Preparation of GFT-Loaded SLNs

Four batches of GFT-loaded SLNs (F1-F4) were prepared by keeping a constant amount
of pure drug (100 mg), lipid (Dynasan™ 114, 100 mg), and surfactant (Kolliphore 188, 0.5%
w/v) and varying the amount of Lipoid 90H (as 100, 150, 200, and 250 mg) following the re-
ported single emulsification technique [35–37]. Briefly, GFT (100 mg) was dissolved in a pre-
viously prepared solution of lipid Dynasan 114 and lipoid 90H in 5 mL of dichloromethane.
On the other hand, the aqueous phase containing Kolliphore® 188 (20 mL, 0.5%, w/v) was
prepared separately. By adding the aqueous phase with a syringe at a rate of 0.3 mL/min
while using a probe sonicator “(model CL-18, Fisher Scientific; Hampton, NH, USA)” for
3 min at 65% W voltage efficiency and 5 sec ON/OFF cycles, the lipid phase was emulsi-
fied. On a magnetic stirrer, the organic solvent was evaporated for six hours. GFT-loaded
SLNs were collected after high-speed (15,000 rpm) centrifugation “(HermleLabortechnik,
Z216MK, Wehingen, Germany)”, washed thrice with deionized water, and freeze dried.
Collected drug-loaded SLNs were then lyophilized “(Millrock Technologies, Kingston, NY,
USA)” and preserved for further studies. Table 3 lists the composition of four developed
GFT-loaded SLNs (F1–F4). The percent entrapment efficiency (%EE) of developed formula-
tions was measured indirectly by separating aqueous free drug in supernatant after high
speed centrifugation (10,000 rpm). The amount of drug that was free was determined using
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UV spectrophotometry at 331 nm [38], and EE% was calculated using the formula shown
below [39]:

EE(%) =
Total GFT − free GFT

Total GFT
× 100

Table 3. Developed GFT-loaded SLN composition.

GFT-Loaded
SLNs GFT (mg) Dynasan 114

(mg)
Lipoid 90H

(mg)
Kolliphore® 188

(%w/v)

F1 100 100 100 0.5

F2 100 100 150 0.5

F3 100 100 200 0.5

F4 100 100 250 0.5

3.3. Particle Characterization and Drug Encapsulation

The mean particle size, PDI, and ZP of the GFT-loaded SLN preparation were evaluated
through the dynamic scattering light (DLS) method using a Malvern zetasizer (ZEN-3600,
Malvern Instruments Ltd., Worcestershire, UK). The mean particle size and PDI were
determined using an appropriately diluted (200 times) fresh colloidal dispersion placed
into a plastic disposable cuvette. The zeta potential of the nanoparticles was measured to
determine their surface charge, which also denotes surface modifications. The procedure
for ZP measurement was the same as that for mean particle size and PDI, except that a
glass electrode cuvette was used.

3.4. Thermal Studies

Differential scanning calorimetry was used with the Korean-made Scinco-N650 in-
strument for the thermal characterization of pure GFT and GFT-loaded SLNs (F2–F4). In
addition, 5 mg of the test samples was compressed in an aluminum pan and placed in a
sample holder for comparison with the reference sample (an empty aluminum pan). With
nitrogen gas flowing continuously at a rate of 15 mL/min, scanning was carried out in the
temperature range of 50 to 250 ◦C.

3.5. In Vitro Release Studies

In vitro release assessments of pure GFT and optimized GFT-loaded SLNs (F4) have
been completed in a phosphate buffer (pH 7.4). Accurately weighed amounts of pure GFT
(10 mg) and GFT-loaded SLNs (equivalent to ten mg of natural GFT) were suspended in a
dissolution medium (10 mL) and poured into a dialysis bag “(molecular weight reduce off
at 12,000 Daltons)”. After that, the dialysis bag was put into a beaker with 40 mL of the
appropriate medium and kept on a biological shaker “(LBS-030S-Lab Tech, Jeju, Republic
of Korea)” at 100 rpm and 37 ◦C. The sink condition was maintained by taking 1 mL of
the sample at regular intervals and replacing it right away with the media. The collected
samples were then appropriately diluted before being tested for drug content using UV
spectroscopy at a maximum wavelength of 331 nm [38]. Furthermore, by incorporating
the drug release findings into various mathematical kinetics models, the GFT drug release
mechanism from the GFT-loaded SLNs (F4) at pH 7.4 could be estimated [40,41].

3.6. Morphology

The gold-sputter technique was used to characterize the morphology of optimized
GFT-loaded SLNs (F4) using “SEM (Zeiss EVO LS10, Cambridge, UK)”. Using the “Q-150R
Sputter Unit” from “Quorum Technologies Ltd. (Laughton, East Sussex, UK)” for 60 s at
20 mA in an argon atmosphere, the freeze-dried SLNs were coated with gold. Imaging was
conducted using an accelerating voltage of 30 kV and a magnification of 10–50 KX.
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3.7. Stability Studies

The stability of optimized GFT-loaded SLNs (F4) was assessed in terms of size, PDI,
ZP, and EE% by following previously published reports [42,43]. This was accomplished
by simply packaging 10 mg of freeze-dried GFT-loaded SLNs (F4) in an amber glass vial
and storing it at 25 ◦C and 37 ◦C for three months. The changes in the size, PDI, ZP, and
drug content were recorded periodically (i.e., the seventh day, first month, third month,
and sixth month). To assess these parameters, the previously stored GFT-loaded SLNs (F4)
were re-suspended in PBS (pH 7.4).

3.8. MTT Cytotoxicity Studies
3.8.1. Cell Growth

The MCF-7 breast cancer cells were bought from the American Type Cutler Collection
(ATCC) in Manassas, Virginia, in the United States. Cells were cultured in “Dulbecco’s
modified Eagle’s medium (DMEM) (UFC Biotech, Riyadh, Saudi Arabia)” using tissue
culture flasks with an area of 50 cm2 in a humidified incubator at 37 ◦C, 5% CO2. Supple-
mentary media contained 10% fetal calf serum “(Alpha Chemika, Mumbai, India)”, 1%
penicillin mixture (100 units/mL), streptomycin (100 µg/mL), and 1% L-glutamic acid. The
MTT detection kit was bought from “Sigma Aldrich (St. Louis, MO, USA)”. In 96-well cell
culture plates containing DMEM, cells were seeded.

3.8.2. MTT Assay on Breast Cancer Cell Lines

The anticancer potentials of GFT–SLNs and the pure drug were compared through
the MTT assay using MCF-7 cells. Due to mitochondria-mediated apoptosis, the MTT
test largely determines the viability of cells. In this test, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a water-soluble dye, is enzymatically converted to insoluble
formazan, and the amount of formazan reveals the relative viability of the cell [44–47].
According to the experimental protocol, cell viability was determined using trypan blue dye
before the experiment, and cell viability was found to be 95%. Cells were treated with the
formulation when they were between passages 10 and 12. Briefly, 100 µL of medium was
used to seed the cells in a 96-well microplate and kept overnight. The suspensions of blank
SLNs, pure GFT, and GFT–SLNs (F4) were prepared using the medium as a diluent, while
the GFT concentration ranged from 0.98 to 100 µg/mL [48]. The medium was taken out; the
cells were exposed to the GFT formulations; and a control experiment (cells only receiving
medium) was also performed. The drug-exposed cells were treated with 100 µL of MTT
solution (5 mg/mL in PBS) after 48 h. Fresh medium devoid of medication was substituted
for the media for the growing cells, and the cells were then incubated for an additional
4 h at 37 ◦C after being treated with 20 µL of MTT. The culture fluid was then discarded,
and MTT crystals were then dissolved for 15 min at working temperature in a solution of
DMSO, acetic acid, and sodium dodecyl sulfate (99.5 mL, 0.6 mL, and 10 g). Then, using a
spectrophotometric microplate reader (Synergy HT, BioTek Instruments, Winooskim, VT,
USA), the optical density (OD) of this solution was determined at 570 nm. Equation (1)
was then used to calculate the cell viability (%). The data were plotted as a function of
drug concentration (g/mL) versus cell viability (%), with the values normalized to those
obtained for viable control cells (considered as 100%). The IC50 values were calculated
using log(inhibitor) against the normalized response curve.

% Cell viability =
OD of sample − OD of blank
OD of control − OD of blank

× 100 (1)

3.8.3. Morphological Changes in MCF-7 Cells Treated with GFT-Loaded SLNs

For morphological studies through phase contrast microscopy, the MCF-7 cells were
seeded in 6-well plates (1 × 105 per well) containing DMEM and were incubated at 37 ◦C in
5% CO2 for 24 h. Thereafter, cells were treated with the GFT–SLN formulations containing
3.21 µg/mL of GFT and were incubated for 48 h. Then, cells were observed using phase
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contrast microscopes (Olympus CLX 41, Olympus Corporation, Tokyo, Japan) for changes
in the cell structure/apoptosis, and the photographs were recorded.

3.8.4. ELISA Assay of P53, Caspase-3, and Caspase-9

Following the manufacturer’s instructions and published studies [34,49], the activities
of p53, caspase-3, and caspase-9 were assayed through ELISA. The MCF-7 cells were seeded
in 96-well plates (5 × 104 cells/well), followed by treatment with pure GFT and GFT–SLNs.
The pure GFT, GFT–SLNs, and untreated control cells were subsequently given time to
acclimate in 96-well plates at room temperature. Then, 100 µL of the p53, caspase-3, and
caspase-9 reagents were added to each of the corresponding wells of the plate that was
pre-filled with 100 µL of culture media. After the treatment, the plates were covered, stirred
at 500 rpm for 1–2 min, and then incubated at room temperature for 1 h. Finally, the OD
was measured using a microplate reader at the wavelength of 405 nm.

4. Conclusions

In recent years, SLNs with different sizes and characteristics have been developed and
extensively analyzed. SLNs are highly effective in enhancing the therapeutic effects and
minimizing the side effects of anticancer drugs. Considering their advantages, characteris-
tics, and high efficacy, it was suggested that GFT be formulated in SLNs and their efficacy
evaluated. In this study, four batches of GFT-loaded SLNs were developed, and their
particle size, PDI, ZP, and drug encapsulation were evaluated. MTT assay revealed that
optimized GFT-loaded SLNs (F4) exert significant cytotoxicity on MCF-7 breast cancer cells.
Overall, our results indicate that SLNs may use p53, caspase-3, and caspase-9 pathways
to trigger apoptosis in MCF-7 cells. The study therefore concludes that GFT-loaded SLNs
are promising chemotherapeutics for the treatment of breast cancer. However, further
pre-clinical and clinical evaluations are needed on the findings of this study.
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Abstract: Although cisplatin is an effective chemotherapy drug used against many types of cancer, it
has poor bioavailability, produces severe adverse effects, and frequently leads to tumor resistance.
Consequently, more effective formulations are needed. The co-administration of cisplatin with
mifepristone, which counters an efflux pump drug-resistance mechanism in tumor cells, has shown
important synergism, but without resolving the problem of poor bioavailability. Specificity to tumor
tissue and bioavailability have been improved by co-encapsulating cisplatin and mifepristone in a
liposomal formulation (L-Cis/MF), which needs further research to complete pre-clinical require-
ments. The aim of this current contribution was to conduct a pharmacokinetic study of cisplatin and
mifepristone in male Wistar rats after administration of L-Cis/MF and the conventional (unencapsu-
lated) formulation. Additionally, the capacity of L-Cis/MF to reduce tumor growth in male nude
mice was evaluated following the implantation of xenografts of non-small-cell lung cancer. The better
pharmacokinetics (higher plasma concentration) of cisplatin and mifepristone when injected in the
liposomal versus the conventional formulation correlated with greater efficacy in controlling tumor
growth. Future research on L-Cis/MF will characterize its molecular mechanisms and apply it to
other types of cancer affected by the synergism of cisplatin and mifepristone.

Keywords: bioavailability; cisplatin; co-encapsulation; liposomes; mifepristone; pharmacokinetics;
synergism

1. Introduction

Cisplatin is one of the most active anti-cancer drugs currently used in chemotherapy;
it is applied to more than 50% of human cancers, including lung, head and neck, colon,
bladder, ovarian, and cervical cancer. However, its lack of specificity to tumoral tissue leads
to dose-dependent damage to normal tissue. Consequently, the administration of cisplatin is
associated with significant adverse effects such as nephrotoxicity, neurotoxicity, ototoxicity,
and myelotoxicity [1,2]. In addition to these adverse effects, another disadvantage of
cisplatin treatment is the rapid development of resistance; thus, most patients experience
therapy failure and relapse, resulting in a poor prognosis. Therefore, combining cisplatin
with other agents has been investigated to improve the therapeutic response.

A common strategy in combination chemotherapy is the inclusion of a sensitizing
agent, which has no direct cytotoxic effect on cancer cells but can improve the efficacy
of the antineoplastic drug [3–5]. According to the evidence in the literature, one of the
main mechanisms of action for a chemotherapy sensitizing agent is the inhibition of a
drug-transport protein known as permeability glycoprotein (P-glycoprotein or P-gp) [6].
Since P-gp acts as an efflux pump in cells, its inhibition undermines the mechanism of
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multi-drug resistance. Many anticancer drugs, including cisplatin, are P-gp substrates.
Hence, the administration of cisplatin with a P-gp inhibitor should increase its effectiveness.

Some groups have investigated treatments combining a cytotoxic drug with an anti-
hormonal agent such as raloxifene, tamoxifen, or medroxyprogesterone [7]. However, the
doses of these combinations in conventional formulations have not produced selectivity
for tumor tissue. As a consequence, adverse effects have been triggered by the treatment
schemes tested. Other research groups have demonstrated the efficacy of mifepristone
(RU-486, an antiprogestin drug) as a chemosensitizer for improving cisplatin efficacy. In
the last few years, our group has researched the effect of the antiprogestogen mifepristone
as a possible sensitizing agent for chemotherapy with cisplatin, finding that it increases
therapeutic efficacy [8,9]. Indeed, the addition of mifepristone to cisplatin produces an
important synergism in chemo-radiotherapy for cervical cancer cells as well as cervix
xenografts [8].

Despite the synergism between cisplatin and mifepristone, the chemical instability of
cisplatin leads to limited bioavailability. That is, it does not reach an adequate concentration
at the tumor site [10,11]. The biodistribution of cisplatin is limited by its binding to plasma
proteins, which irreversibly inactivates more than 90% of the drug, leaving only a small
percentage of the dose for cytotoxic activity. Additionally, there is evidence that tubular
nephrotoxicity is related to the pharmacokinetic parameters of plasma cisplatin [12,13]. On
the other hand, mifepristone is administered orally with an absorption rate of approxi-
mately 70% from the gut. Unfortunately, it undergoes a first-pass effect in the liver, which
diminishes its bioavailability to 40% [14].

An improvement in the bioavailability of cancer chemotherapy agents has been
achieved with the development of liposomal drug carriers, which provide increased activity
and reduced side effects. Our group recently reported the development of a liposomal
system to co-deliver cisplatin and mifepristone. After preparing the liposomes with a
reverse-phase evaporation method, the physicochemical characterization revealed a parti-
cle size of around 109 nm, a uniform dispersion of particles with a polydispersity index
(PDI) of 0.11, and a Zeta potential (mV) of −38. Drug release profiles (at room temperature)
exhibited a maximum release of 15% for cisplatin and ~60% for mifepristone at 96 h, show-
ing good stability in the formulation. The co-encapsulation efficiency was 18% for cisplatin
and 25% for mifepristone [15].

The delivery of cisplatin and mifepristone by the liposomal formulation (denominated
L-Cis/MF) produced notable cytotoxic activity against cervical cancer cells, an apoptotic
effect in the same cells, and a significant decrease in tumor growth in mice with a xenotrans-
plant of HeweLa cells La cells [15]. Hence, it is important to continue with the preclinical
characterization of L-Cis/MF

The aim of the current contribution was to carry out a pharmacokinetic study of
cisplatin and mifepristone in male Wistar rats post-administration of L-Cis/MF and the
conventional (unencapsulated) formulation. Additionally, an evaluation was made of the
capacity of L-Cis/MF (and the conventional formulation) to reduce tumor growth in male
nude mice after implanting xenografts of non-small-cell lung cancer.

2. Results

The preparation of the liposomal formulation that co-encapsulated cisplatin and
mifepristone (L-Cis/MF) was prepared and characterized as mentioned in our previous
work [15]. We realized the characterization of the batch of L-Cis/MF used in this work
and the results were a particle size of 116.8 nm, a polydispersity index (PDI) of 0.17, and a
Zeta potential (mV) of −36. The co-encapsulation efficiency was 22% for cisplatin and 22%
for mifepristone.

2.1. In Vitro Cisplatin and Mifepristone Release from L-Cis/MF

To quantify the cisplatin and mifepristone released from L-Cis/MF, the amount of
each drug found by HPLC was compared to calibration curves with known concentrations.

20



Pharmaceuticals 2023, 16, 1337

The typical chromatograms obtained from the cisplatin standard solution spiked in blank
liposomes show a retention time of 3.1 min for cisplatin and 4.0 min for nickel chloride,
its internal standard (Figure 1A). The typical chromatograms of the mifepristone standard
solution spiked in blank liposomes reveal a retention time of 3.4 min for mifepristone and
5.2 min for promegestone, its internal standard (Figure 1B).
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Figure 1. Chromatograms of liposomal cisplatin: (A) blank liposomes spiked with 5 µg/mL of
cisplatin (Cis) and 50 µg/mL of nickel chloride, the internal standard (IS); (B) blank liposomes spiked
with 1 µg/mL of mifepristone (MF) and 1 µg/mL of promegestone, the internal standard (IS).

Drug-release profiles of L-Cis/MF in human plasma (Figure 2) show a maximum
release of 24% for cisplatin (Figure 2A) and 70% for mifepristone, both at the final reading
(72 h) (Figure 2B).
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Figure 2. The percentage of cisplatin (A) and mifepristone (B) released from the L-Cis/MF formula-
tion during 72 h of incubation at 37 ◦C in human plasma. Values are expressed as the mean ± SEM
(n = 3).

The release profile is an important parameter that needs to be measured to evaluate the
stability of the nanosystem. Drug release occurs as a function of membrane stability, so the
drug release from liposomes can be attributed to the diffusion of the drug through the lipid
layer and the disassembly of liposomes caused by various factors like the medium, pH,
and temperature, among others [16]. The slow release of cisplatin from the liposome can be
attributed to the rigidity of the liposomal membrane and the physicochemical characteristics
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of cisplatin. In contrast, the rate of mifepristone release from liposomes was the highest.
The composition of the lipidic membrane and the lipophilicity of mifepristone strongly
influence the dynamics of drug release. Furthermore, in vivo drug release from liposomes
depends on several factors, like the interaction between lipid membranes with enzymatic
degradation. Additionally, in vitro release experiments could not accurately predict the
in vivo drug release. Therefore, pharmacokinetic and efficacy studies are necessary.

2.2. Pharmacokinetics of L-Cis/MF

The plasma concentration of cisplatin in the animals under study (Figure 3) was signif-
icantly higher post-administration of L-Cis/MF, versus the conventional (unencapsulated)
formulation of cisplatin (both injected IV). The elevated plasma concentration of cisplatin
generated by the L-Cis/MF treatment declined slowly and steadily but remained relatively
high at 48 h. Contrarily, the plasma concentration of cisplatin derived from the conventional
formulation dropped rapidly during the first 2 h. After analyzing the plasma concentration
of cisplatin over time for the liposomal and conventional formulations, the results were
fitted to a two-compartment model.
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Figure 3. The plasma concentration of cisplatin in rats during the 96 h after the intravenous adminis-
tration of cisplatin solution (Cis) or cisplatin-loaded liposomes (L-Cis/MF). In each case, the dose of
cisplatin was 6 mg/kg. Each point represents the mean ± SEM (n = 6).

The corresponding pharmacokinetic parameters are listed in Table 1. The bioavail-
ability of liposomal cisplatin, represented by AUC, was over 152-fold greater than that
of conventional cisplatin. Furthermore, the Cmax and t 1

2
were approximately 6-fold and

3-fold higher, respectively, for liposomal versus conventional cisplatin; while the Vd and
Cl were about 4-fold and 162-fold lower, respectively (Table 1). Figure 4 portrays typical
chromatograms of cisplatin in plasma from blood samples drawn from the rats, one at 5 min
post-injection of 6 mg/kg of conventional cisplatin and the other at 24 h post-injection of
6 mg/kg of liposomal cisplatin (L-Cis/MF), the latter diluted 1:10.
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Table 1. Pharmacokinetic parameters of cisplatin after intravenous administration of conventional
cisplatin (unencapsulated) or cisplatin-loaded liposomes (L-Cis/MF).

Parameter Conventional Cisplatin Liposomal Cisplatin

AUC0→t (µg·h/mL·kg) 5.27 ± 0.66 801.76 ± 77.88 *

t1⁄2 (h) 5.73 ± 2.25 17.26 ± 3.73 *

Cmax (µg/mL) 9.62 ± 0.66 61.17 ± 3.07 *

Vd (mL/kg) 636.73 ± 39.64 169.11 ± 16.35 *

Cl (mL/h) 1286.53 ± 248.37 7.95 ± 0.76 *
(*) Significant difference (p < 0.05) between conventional cisplatin and liposomal cisplatin (L-Cis/MF) based on
Student’s t-test. AUC, area under the curve; t1/2, the elimination half-life; Cmax, plasma concentration at time
zero; Vd, volume of distribution; and Cl, clearance. Values are expressed as the mean ± SEM (n = 6).
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Figure 4. Chromatograms of cisplatin in plasma from blood samples drawn from rats: (A) at
5 min post-injection of 6 mg/kg of conventional cisplatin, and (B) at 1 h post-injection of 6 mg/kg
of liposomal cisplatin; the samples were diluted 1:10 (B) and spiked with 50 µg/mL of internal
standard (IS).

The pharmacokinetics of mifepristone were determined after administering the con-
ventional and liposomal formulations (Figure 5). Analysis of the time course of the plasma
concentration of mifepristone derived from the liposomal formulation was fitted to a
two-compartment model. Whereas mifepristone was found in plasma for up to 4 h after
the IV administration of L-Cis/MF, it was not detected at any sampling time post-injection
of the conventional formulation (Figure 6). Since mifepristone administered conventionally
was below the concentration quantifiable by the method of measurement used (0.05 µg/mL),
the pharmacokinetic parameters of free mifepristone could not be determined (Table 2).

2.3. Tumor Growth Inhibition and Systemic Toxicity

An in vivo evaluation was made of the therapeutic efficacy of a 3-week treatment
of tumor-bearing mice with the liposomal or conventional formulation of the cisplatin/
mifepristone combination. The mice had received xenotransplants of A-549 cells of non-
small-cell lung cancer (Figure 7). During the 6 weeks after initiating the treatments, tumor
growth was better controlled by L-Cis/MF than the unencapsulated cisplatin/mifepristone
combination. In relation to the initial tumor volume, the increase found was around
21-fold for the control group, 15-fold for the conventional formulation, and 7.5-fold for the
liposomal nanosystem (Figure 7A,B). Regarding possible systemic toxicity, there was no
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significant change in animal body weight during the experiment and the general condition
of the animals was normal (Figure 7C).
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represents the mean ± SEM (n = 6).
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Figure 6. Chromatograms of the concentration of mifepristone in plasma from blood samples
drawn from rats. Mifepristone was undetectable in samples (spiked with promegestone, the internal
standard) taken at 5 min (A) and 1 h (B) after SC administration of a dose of 6.17 mg/kg of free
mifepristone. Contrarily, mifepristone is clearly observed in a representative chromatogram of plasma
from a blood sample drawn from a rat at 1 h (C) after a single intravenous injection of the same dose
of mifepristone in the liposomal formulation (L-Cis/MF).

Table 2. Pharmacokinetic parameters of free mifepristone or mifepristone after the intravenous
administration of L-Cis/MF.

Parameter Conventional Mifepristone Liposomal Mifepristone

AUC0→t (µg·h/mL·kg) Not detectable 2.03 ± 0.26

t1⁄2 (h) Not detectable 0.4 ± 0.16

Cmax (µg/mL) Not detectable 7.4 ± 1.01

Vd (mL/kg) Not detectable 939.82 ± 105.40

Cl (mL/h) Not detectable 3290.54 ± 351.22
AUC, area under the curve; t1/2, the elimination half-life; Cmax, plasma concentration at time zero; Vd, volume of
distribution; and Cl, clearance. Values are expressed as the mean ± SEM (n = 6).
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Figure 7. Efficacy of the 3-week treatments after subcutaneously implanting A-549 cell xenografts
in the flank of nude mice. The treatments were initiated when the tumors reached ~70 mm3 (day
0) and ended 3 weeks later. (A) Normalized tumor volume during 6 weeks after initiating the three
treatments: the conventional (unencapsulated) formulation of cisplatin and mifepristone, the drug-
loaded liposomes (L-Cis/MF), and empty liposomes (the control group). (B) Final tumor volume
after 6 weeks of initiating the treatments. (C) Body weight of the mice in the different groups during
the 6 weeks after initiating the treatments. Data are expressed as the mean ± SEM (n = 6), and
significant differences (p < 0.05) were examined by analysis of variance (ANOVA). * Significant
difference between L-Cis/MF and the control; # Significant difference between the conventional
formulation and the control.
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2.4. Quantitative Detection of VEGF in Tumors

Analysis of the tissue of the xenografts of non-small-cell lung cancer at the end of the
study showed a slightly but not significantly lower protein level of VEGF for the L-Cis/MF
treatment versus the control (Figure 8).
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3. Discussion
3.1. Strategies for Cancer Therapy with Cisplatin

Cancer is characterized by unspecific symptomology during the first stages of devel-
opment. Consequently, the majority of patients are diagnosed in advanced stages of the
disease and treated with chemotherapy. Although antineoplastic treatments have improved
significantly over the last decade, they still leave much to be desired. For example, cisplatin
is a chemotherapy drug with a widespread clinical use for various types of cancer due
to its effectiveness in eliminating tumor tissue. Nevertheless, chemotherapy with this
drug is associated with severe adverse effects, including nephrotoxicity, neurotoxicity,
ototoxicity, and myelotoxicity [1,2]. Moreover, it frequently leads to the development of
tumor resistance, causing most patients treated with cisplatin to experience failure and
relapse and therefore to have a poor prognosis. As a result of all the aforementioned
factors, nowadays the standard treatment for the majority of advanced-stage cancer treated
with cisplatin consists of a combination of drugs [17]. The combination of cisplatin with
mifepristone has shown synergistic effects, but the problem of low bioavailability in tumor
tissue remains [9,18].

Nanotechnology has been employed to develop drug delivery systems in order to
achieve greater systemic distribution and bioavailability of drugs, leading to an improved
selectivity and efficacy of therapy as well as reduced adverse effects. Various systems of
drug delivery exist, including solid lipidic nanoparticles, polymeric micelles, and lipo-
somes [19]. Recently, the co-delivery of antineoplastic drugs in a single nanosystem has
been described [20–22]. In tests carried out with various formulations of nanoparticles
containing a cytotoxic drug and a sensitizing agent, synergism has been found in the
treatment of cancer [23].

Our group has reported the co-encapsulation of cisplatin and mifepristone by a
nanosystem (L-Cis/MF) with a lipidic membrane made of HSPC, cholesterol, and DSPE-
mPEG2000 [15]. In vitro assays have revealed the dynamics of drug release from the
encapsulated formulation. Meanwhile, in vivo assays utilizing xenotransplants of cervical
cancer have demonstrated that the liposomal co-encapsulation of cisplatin and mifepristone
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affords a significantly greater inhibition of tumor growth than the conventional (unencap-
sulated) formulation of the same combination [15]. Encapsulation is an interesting way to
efficiently deposit both drugs at the tumor site. It achieves a better synergistic response
than that observed with the conventional application of the same drugs.

Defining the pharmacokinetics of the L-Cis/MF nanosystem is an essential part of its
preclinical characterization, as is the evaluation of the therapeutic efficacy of this nanosys-
tem in distinct experimental animal models. One such model is the implantation of
xenografts of non-small-cell lung cancer, for which cisplatin constitutes part of the standard
treatment. These steps of preclinical characterization may facilitate clinical trials of the
L-Cis/MF nanosystem in the future.

3.2. Profile of the Release of Cisplatin and Mifepristone from L-Cis/MF

The good stability of the present liposomal nanosystem in human plasma at 37 ◦C
led to prolonged release of the two drugs. The percentage of release of cisplatin was 19%
(Figure 2A). The current results correlate with previous publications describing a slow rate
of release of hydrophilic chemotherapy agents co-encapsulated with sensitizing agents in
liposomal systems [24,25].

Mendes et al. (2014) reported the co-encapsulation of genistein and paclitaxel in a
multicompartmental nanostructured system. Genistein was entrapped in the external
phospholipid bilayer of the polymeric nanoparticle and was released quickly (85% during
the first 48 h). Paclitaxel, on the other hand, was encapsulated in the internal compartment
of the polymeric core and showed a gradual and sustained release constituting only 10% of
the compound [25]. A similar outcome was found with the present liposomal nanosystem.
Cisplatin was encapsulated in the center of the formulation and was slowly and gradually
released, leading to a low overall delivery.

Some studies on liposomal systems containing cisplatin have described elevated rates
of the release of this drug (up to 50% at 24 h) [26–28]. Contrarily, the current formulation
(L-Cis/MF) released 13% of the cisplatin in 24 h, possibly indicating the greater stability of
the co-encapsulation of drugs in the same liposomal system. The slow release of cisplatin
from the liposomal formulation could stem from various factors including the rigidity of
the liposomal membrane and the physicochemical characteristics of the encapsulated drug.
The mechanisms of release may involve transport by means of the polymer and/or the
dissolution of the polymeric capsule. Accordingly, the release of the drugs encapsulated in
the core of the liposomal formulation can be explained by slowly occurring processes, such
as diffusion, hydration of the polymers, swelling, and degradation [25].

In contrast, the external envelope (the phospholipid bilayer) undergoes a dynamic and
more rapid process, accounting for the more rapid release of mifepristone than cisplatin
from L-Cis/MF, reaching 70% at 72 h (Figure 2B). Mifepristone is characterized by high
lipophilicity, which favors its location in the external lipidic bilayer.

The location of drugs within the phospholipid membranes depends on their solubility
as well as the hydrogen bonds or Van der Waals interactions between a hydrophobic
drug and the hydrophobic chains of phospholipids in the bilayer. The composition of
the lipidic membrane and the lipophilicity of the drug strongly influence the dynamics
of drug release [29]. Hence, the percentage of release of mifepristone from the L-Cis/MF
formulation is likely due in part to the dynamics of the lipids in the membrane [30,31].

3.3. Pharmacokinetics of L-Cis/MF

The pharmacokinetics of the release of cisplatin into the bloodstream was evaluated
for the liposomal and conventional formulations. When comparing the administration of L-
Cis/MF and free cisplatin, the former led to a higher plasma concentration of cisplatin over
time, resulting in a significantly higher AUC, a lower rate of clearance, and a smaller volume
of distribution (Figure 3, Table 1). In the liposomal formulation, as can be appreciated, there
was a substantial increase in bioavailability and a slower rate of elimination of cisplatin, as
well as a more limited distribution in tissues (probably greater specificity for tumor tissue).
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This may be due to the modification of the liposomal system by attaching polyethylene
glycol (PEG)-units to the bilayer, leading to pegylated (stealth) liposomes. The latter
prolongs systemic circulation in the bloodstream through a reduction in recognition by the
mononuclear phagocytic system, and also through a decrease in interaction with plasma
opsonins. As a consequence, stealth liposomes enhance the stability of encapsulated
drugs, diminish their toxicity, increase their half-life, and decrease their clearance and
immunogenicity [32,33].

Only a small percentage of conventional antineoplastic drugs in systemic circulation
reach tumor tissue. These drugs leave the intravascular space by crossing the capillary wall
to the interstitium through a process called extravasation. Subsequently, the free drugs
are taken up by tumor cells by means of passive diffusion [34,35]. In contrast, PEGylated
liposomes are usually internalized by endocytosis. They have the potential for improved
drug targeting, and for controlled release from the nanosystem by passive targeting through
a phenomenon known as the enhanced permeability and retention (EPR) effect in solid
tumors. Due to the difference in vascular structure between tumor tissue and normal tissue,
and to the nanoparticle size, the EPR effect favors a greater accumulation of liposomes in
tumor cells [36].

When the tumor reaches a certain size, the original vessels are insufficient to supply
the necessary oxygen and nutrients. Thus, cancer cells begin to develop a necrotic core,
leading to the secretion of growth factors that trigger cell proliferation and angiogenesis,
which in turn facilitate the rapid development of new blood vessels. Since these vessels
have a discontinuous epithelium and lack a basement membrane, they contain spaces
called fenestrae between endothelial cells, which makes it easier for the liposomes to reach
tumor tissue [31].

Several studies have demonstrated that the pharmacokinetic profile of encapsulated
drugs is modified significantly by the use of PEGylated liposomes [32]. The present results
correlate with the data reported in the literature for liposomal formulations utilized clini-
cally, such as PEGylated liposomal doxorubicin, commonly administered for the treatment
of breast cancer. There is a significantly different pharmacokinetic profile for doxorubicin
(a higher plasma concentration) with the application of the PEGylated liposomal versus
the conventional (unencapsulated) formulation [37]. PEGylation offers a great advantage
for anticancer drugs by decreasing immunogenicity, while increasing the time of systemic
circulation and the serum half-life.

The in vitro assays evidenced a more rapid release of mifepristone than cisplatin,
which may influence its rate of distribution and consequently its pharmacokinetic parame-
ters. The pharmacokinetic evaluation showed a plasma concentration of mifepristone of
7.4 µg/mL following treatment with L-Cis/MF, with an AUC of 2.03 µg·h/mL·kg and a
Vd of 939.82 mL/kg. The undetectable plasma level of mifepristone after administering
the conventional formulation did not allow for the determination of the pharmacokinetic
parameters.

Compared to the current results, a significantly lower plasma concentration of mifepri-
stone was found in a previous study after rats were orally administered 10 mg/kg of
mifepristone. The maximum plasma concentration was 0.167 µg/mL, with an AUC of
0.338 µg·h/mL·kg and a Vd of 1470 mL/kg [38]. This suggests that the use of liposome-
based vectors to deliver drugs significantly modifies the pharmacokinetics of the encap-
sulated active agents, causing an increased plasma concentration and bioavailability of
the drug, thus favoring a higher concentration in tumor tissue. Another relevant factor
capable of affecting the efficacy of mifepristone treatment is its low solubility. An important
challenge for many insoluble drugs, or those with limited solubility, is the development of
new nanoformulations with the aim of enhancing their pharmacological potential.

3.4. The Therapeutic Efficacy of L-Cis/MF In Vivo

The therapeutic response, herein evaluated as the inhibition of tumor growth, was
significantly better in the animals that received the liposomal versus the conventional
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(unencapsulated) formulation of the cisplatin/mifepristone combination. A previous
report from our group demonstrated significantly greater drug accumulation in tumor
xenografts of the cervix after the injection of a liposomal nanosystem containing cisplatin
compared to the injection of unencapsulated free cisplatin [39]. The present comparison of
the liposomal versus the conventional formulation reveals that the enhanced therapeutic
response observed with L-Cis/MF correlates well with the increased bioavailability of the
same (greater plasma concentration over time).

Overall, the better specificity of the liposomal formulation afforded superior cytotox-
icity in tumor tissue as well as an absence of systemic toxicity (judging by the stability
of animal weight). The pharmacokinetic characterization showed a significantly higher
plasma concentration of both drugs in the animals that received L-Cis/MF versus the
conventional (unencapsulated) formulation. Moreover, the distribution and elimination
parameters were strongly modified, indicating a longer circulation time for both drugs.
There was probably a higher concentration of the drugs in the tumor tissue. The hypothesis
is that the co-encapsulated drugs were able to reach the tumor tissue more efficiently and
accumulate there at a higher concentration than free drugs, resulting in a greater decrease
in tumor growth. Further research on tissue distribution is needed to clearly define the
mechanisms responsible for the inhibition of tumor growth stemming from treatment with
L-Cis/MF.

Since the application of two or more drugs is a common practice in cancer treatment
to achieve synergistic effects (and given our data about the better pharmacokinetics and
greater efficacy of cisplatin and mifepristone co-loaded in liposomes), our work shows great
prospects for designing new and better nanosystems of co-encapsulation, functionalized or
conjugated with a variety of antibodies or ligands to target cancer cell receptors, enhancing
drug delivery and internalization into tumor cells, and reducing drug distribution in
normal tissue, so as to improve treatment outcomes in cancer therapy. The natural future
step would be clinical trials on patients with cancer.

4. Materials and Methods
4.1. Drugs and Reagents

Cisplatin, mifepristone, trypsin, sodium chloride, nickel chloride, and sodium diethyl
dithiocarbamate (DDTC) were supplied by Sigma–Aldrich Chemical Co. (St. Louis, MO,
USA). Hydrogenated soybean L-α-phosphatidylcholine (HSPC), 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPEm-PEG2000), and
cholesterol were purchased from Avanti Polar Lipids (Birmingham, AL, USA). High-
performance liquid chromatography (HPLC)-grade acetonitrile, chloroform, and methanol
were acquired from Honeywell International, Inc. (Morristown, NJ, USA). Dulbecco’s
modified Eagle’s medium (DMEM, Thermo Fisher Scientific Inc., Waltham, MA, USA), fetal
calf serum (FCS, Thermo Fisher Scientific Inc., Waltham, MA, USA), ethylenediaminete-
traacetic acid (EDTA, Thermo Fisher Scientific Inc., Waltham, MA, USA), Tris, and SDS
were procured from GIBCO Inc. (Grand Island Biological Company, New York, NY, USA).
High-quality water employed to prepare solutions was obtained with a Continental Milli-Q
Reagent Water System (Millipore, El Paso, TX, USA).

4.2. Animals

Male Wistar rats (230–250 g, 6–7 weeks old) and male athymic Balb-C nu/nu mice
(6–7 weeks old) were supplied by the Metropolitan Autonomous University (Universidad
Autonoma Metropolitana, or UAM), Mexico City, Mexico. All animals were kept in a
pathogen-free environment on a 12/12 h light/dark cycle and provided food and water
ad libitum. Procedures for the care and handling of the animals were reviewed and
approved by the Ethics Committee of the National Cancer Institute, Mexico City, Mexico
(2020, with Ref. # 010/015/IBI-CB/619/10), and were in accordance with the Mexican
Federal Regulation for Animal Experimentation and Care (NOM-062-ZOO-1999, Ministry
of Agriculture, Mexico City, Mexico).
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4.3. Preparation of Liposomes Co-Loaded with Cisplatin and Mifepristone

The liposomal formulation that co-encapsulated cisplatin and mifepristone (L-Cis/MF)
was elaborated as described in Ledezma–Gallegos et al. (2020) [15]. Briefly, three lipids
(HSPC, cholesterol, and DSPE-mPEG2000 at a molar ratio of 60:35:5) were dissolved in
chloroform/methanol (2:1 v/v) and mixed with 5 mg of mifepristone. This mixture was
deposited dropwise into a saturated cisplatin solution in sterile water (8 mg/mL) heated at
65 ◦C, maintaining a molar ratio of 1:12 for cisplatin and the phospholipids. The organic
solvents were removed in a rotatory evaporator and the suspension was sonicated for
2 h to reduce and homogenize the size of the liposomes. Unencapsulated cisplatin was
removed by dialysis using a 12,000 Da MWCO membrane (Spectrum Labs Inc., San Fran-
cisco, CA, USA), and unencapsulated mifepristone was removed by molecular exclusion
chromatography on PD-10 columns packed with Sephadex-G-25 resin (GE Healthcare Inc.,
Chicago, IL, USA). Empty liposomes were prepared by following the same methodology
but without adding any drugs. The liposomes were stored at 4 ◦C and protected from light.
The amount of cisplatin and mifepristone co-encapsulated in the liposomes was measured,
the former with HPLC based on the method described by our group [39], and the latter
with another reported method [40].

Briefly, an aliquot of liposomes was transferred to a centrifuge tube, with promegestone
serving as the internal standard (IS). After adding acetonitrile to disrupt the liposome and
release the encapsulated mifepristone, the solution was centrifuged at 10,000 rpm and 4 ◦C.
The supernatant was dried under an N2 atmosphere and resuspended in the mobile phase
(water/acetonitrile), and then the sample was injected into the HPLC system. The mobile
phase was a water/acetonitrile mixture delivered at 0.8 mL/min, and the detection system
was set at 302 nm.

4.4. In Vitro Assay to Evaluate the Release of Cisplatin and Mifepristone from L-Cis/MF

The release of cisplatin and mifepristone from L-Cis/MF was assessed by using Franz
diffusion cells assembled with a polycarbonate membrane (with 0.05 µm pores) (Millipore
Corporation, Burlington, MA, USA) at 37 ◦C in human serum. An aliquot of L-Cis/MF was
placed into the donor cell compartment (1 mL) and tamped down to the polycarbonate
membrane. At specific time intervals (1, 2, 4, 8, 12, 24, 48, 72, and 96 h), the whole receptor
phase medium (5 mL) was removed and replaced with an equal volume of fresh medium.
The receptor phase was a saline solution for cisplatin and 2% sodium lauryl sulfate for
mifepristone. The amount of cisplatin and mifepristone released was determined by the
aforementioned HPLC methods.

4.5. Pharmacokinetics of L-Cis/MF

Pharmacokinetic studies were conducted on male Wistar rats anesthetized with isoflu-
rane (Baxter, Mexico City, Mexico). The jugular vein was cannulated for the intravenous
(IV) injection of the drugs, and the caudal artery was cannulated for blood sampling. Ani-
mals were randomly divided into three groups (n = 6) and given one of three treatments:
(a) free cisplatin (6 mg/kg, IV); (b) free mifepristone administered subcutaneously (SC)
(6.17 mg/kg); or (c) cisplatin/mifepristone-loaded liposomes (L-Cis/MF) applied IV at the
same doses. Blood samples (300 µL) were collected from the caudal artery at 0, 5, 15, and
30 min and at 1, 2, 4, 6, 8, 24, 48, 72, and 96 h.

The concentration of cisplatin and mifepristone in plasma was evaluated by HPLC as
aforementioned. The plasma samples were handled as detailed hereafter. The concentration
of free cisplatin was determined in plasma that was ultra-filtered at 4 ◦C through Amicon
Centriflo cones (10,000 molecular weight cut-off) immediately after drawing the blood
sample. To quantify liposomal cisplatin, the methodology described by Toro-Córdova
et al. (2016) was used [39]. Briefly, acetonitrile was added to 100 µL of plasma, and the
samples were vortexed and centrifuged at 10,000 rpm for for 10 min. The supernatant
was transferred to an Eppendorf tube and dried under N2 atmosphere. The pellet was
suspended in 0.9% sodium chloride; nickel chloride was used as internal standard. After
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the samples were derivatized with DDTC in NaOH and incubated at 37 ◦C for 30 min,
cisplatin was extracted with 100 µL of chloroform. Finally, 20 µL of the chloroform layer
was injected into the chromatographic system, which consisted of a Waters 650E solvent
delivery (Waters Assoc., Milford, MA, USA), a 20-µL loop injector (Rheodyne, Cotati, CA,
USA) and a UV detector 486. Separation was carried out at 23 ◦C on a 150 × 3.9 mm ID
Symmetry C18 column of 4 µm particle size. The mobile phase was a mixture of water,
methanol, and acetonitrile. Detection was performed at 254 nm.

To quantify mifepristone, acetonitrile was added to an aliquot of plasma, and the mix-
ture was centrifuged at 10,000 rpm. The resulting supernatant was dried and resuspended,
and mifepristone was isolated with Oasis-HLB 3cc columns (Waters, Milford, MA, USA).
The amount of mifepristone was established by utilizing the aforementioned method.

Plasma concentrations of cisplatin and mifepristone were plotted against time, and the
following pharmacokinetic parameters were obtained on WinNonlin® Proffesional Edition
Version 2.0 software (Certara, Princeton, NJ, USA): the area under the concentration-time
curve (AUC), the elimination half-life (t1/2), clearance (Cl), the volume of distribution (Vd),
and the plasma concentration at time zero (Cmax).

4.6. Tumor Xenografts and Systemic Toxicity

Athymic (nu/nu) male nude mice (6–7 weeks of age) were inoculated SC in the
back with 5 × 106 A549 (ATCC® CCL185TM) cells, a model for non-small-cell lung can-
cer. Tumor growth was monitored weekly by measuring two perpendicular diameters
with a caliper. Tumor volume was calculated with the following equation: V = π/6 ×
(large diameter × [small diameter]/2). Once the tumor volume reached approximately
70 mm3, the animals were randomly divided into three groups (n = 6) to initiate treatment:
(1) empty liposomes (L-Control); (2) free cisplatin (5 mg/kg/week) plus free mifepris-
tone (9.7 mg/kg/week); and (3) liposomes loaded with cisplatin (at 5 mg/kg/week) and
mifepristone (at 9.7 mg/kg/week) (L-Cis/MF). All treatments were administered for three
cycles (3 weeks), with an intraperitoneal injection of all drugs, except for an SC injection of
free mifepristone.

A weekly evaluation was made (for 6 weeks as of the beginning of the treatments)
of the therapeutic efficacy and systemic toxicity by determining the tumor volume and
recording animal weight (as well as by observing the general condition of the animals). The
growth rate of tumors was analyzed with a graph by plotting normalized tumor volume
against the number of days after initiating treatment. Normalized tumor volume (VNi)
was calculated as VNi = Vi/V0, where Vi is the volume on a specific day i, and V0 is its
initial volume on day 0 [41]. Systemic toxicity was considered at 20% of weight loss. At the
end of the experiment, the mice were euthanized under anesthesia (isoflurane/oxygen 3%).

4.7. Quantitative Determination of VEGF in Tumors

The level of vascular endothelial growth factor (VEGF) in the tissue of the xeno-
transplants of non-small-cell lung cancer was assessed at the end of the study with an
ultra-sensitive ELISA kit (ENZO Life Sciences, Farmingdale, NY, USA). Briefly, whole
tumors were lysed, and the total protein content was isolated. Samples of each treatment
were assayed according to the manufacturer’s protocol. Optical density was measured
at a wavelength of 450 nm on a Multiskan Microplate Reader (Thermo Fisher Scientific,
Waltham, MA, USA). The results, calculated by using a calibration curve, were expressed
as pg VEGF/g of tissue.

4.8. Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM). Significant
differences between groups (considered at p < 0.05) were established by one-way analysis
of variance (ANOVA) followed by the Bonferroni test. These tests were processed on SPSS
20.0 software (SPSS Inc., Chicago, IL, USA).
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5. Conclusions

Novel anti-cancer therapeutic strategies now exist based on nanomedicine. They rep-
resent a promising approach due to their capability for overcoming the lack of specificity in
conventional chemotherapeutic delivery systems, a problem responsible for an inadequate
concentration of drugs at the tumor site and toxicity for normal cells. To increase the phar-
macological effect through synergism, nanoparticle delivery systems can be loaded with
two drugs possessing different mechanisms of action, such as the present case of combining
a chemotherapy agent (cisplatin) with a sensitizing agent (mifepristone) that counters the
drug resistance mechanism of tumors. The co-encapsulation of these two drugs in a liposo-
mal nanosystem (L-Cis/MF) led to better pharmacokinetics (i.e., a higher concentration in
blood plasma over a longer period of time), correlating with greater efficacy in the control of
the growth of tumors resulting from the growth of xenografts of non-small-cell lung cancer.
In future research, in vitro and in vivo assays will be used to characterize the molecular
mechanisms of L-Cis/MF. Additionally, this liposomal nanosystem will be applied to other
types of cancer that are likely to be affected by the synergism of cisplatin and mifepristone.
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Abstract: The potential of levosulpiride-loaded nanostructured lipid carriers (LSP-NLCs) for en-
hanced antidepressant and anxiolytic effects was evaluated in the current study. A forced swim
test (FST) and tail suspension test (TST) were carried out to determine the antidepressant effect
whereas anxiolytic activity was investigated using light–dark box and open field tests. Behavioral
changes were evaluated in lipopolysaccharide-induced depressed animals. The access of LSP to
the brain to produce therapeutic effects was estimated qualitatively by using fluorescently labeled
LSP-NLCs. The distribution of LSP-NLCs was analyzed using ex vivo imaging of major organs after
oral and intraperitoneal administration. Acute toxicity studies were carried out to assess the safety
of LSP-NLCs in vivo. An improved antidepressant effect of LSP-NLCs on LPS-induced depression
showed an increase in swimming time (237 ± 51 s) and struggling time (226 ± 15 s) with a reduction
in floating (123 ± 51 s) and immobility time (134 ± 15 s) in FST and TST. The anxiolytic activity in the
light–dark box and open field tests exhibited superiority over LSP dispersion. Near-infrared images
of fluorescently labeled LSP-NLCs demonstrated the presence of coumarin dye in the brain after 1 h
of administration. An acute toxicity study revealed no significant changes in organ-to-body weight
ratio, serum biochemistry or tissue histology of major organs. It can be concluded that nanostructured
lipid carriers can efficiently deliver LSP to the brain for improved therapeutic efficacy.

Keywords: levosulpiride; antidepressant; nanostructured lipid carriers; acute toxicity; in vivo imaging

1. Introduction

Mental and behavioral disorders affect approximately one billion people globally, as
reported by the World Health Organization (WHO). According to an estimate, 12 billion
workdays are lost every year because of depression and anxiety, which costs the global
economy USD 1 trillion [1]. Among these psychiatric diseases, depression is the second
highest threatening mental health illness, resulting in an increased economic burden world-
wide [2]. Depression and anxiety are comorbid conditions with prominent features that
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include lack of motivation, emotional instability, sleep distress, loss of interest in social ac-
tivities and a higher incidence of suicidal tendencies [3]. Disturbance in transmission from
presynaptic to postsynaptic neurons of major neurotransmitters like dopamine, serotonin
and norepinephrine is the leading cause of depression [4]. The therapeutic response of
depressed, anxious patients to available treatments is disappointing despite the adherence.
The continuous presence of antidepressants at the site of action for a prolonged period
is necessary for their efficacy. Route of administration plays a pivotal role in delivering
therapeutically effective drugs to the brain. The blood-brain barrier, efflux transporters and
blood-cerebrospinal fluid barrier portray major hindrances for orally administered drugs
circulating in the blood after absorption [5].

An efficient drug delivery system that can maximize drug concentration in the brain
should possess prominent features of prolonged-release rate, improved bioavailability
and enhanced permeability [6]. The administration of antidepressant drugs through lipid
nanocarriers satisfies these assumptions [7]. Nanostructured lipid carriers (NLCs) purport
to be a promising formulation to deliver lipophilic drugs to the brain. Being a lipid-
based formulation, it has the advantage of bioacceptability and rapid uptake by the brain.
Nanostructured lipid carriers are the second generation of lipid nanoparticles that overcome
the limitation of other lipid formulations including larger particle size, instability, drug
expulsion, inability to target brain tissues and problems in scaling up [8]. These lipid
nanoparticles have improved the transport of drugs to the brain by offering high drug
entrapment, improved biological physical stability, reduced toxicity, and loading of both
hydrophilic and lipophilic drugs [9,10]. The imperfections created by liquid lipids prevent
the polymorphic transitions of solid lipids to a highly ordered crystal structure leading to
the conception of NLCs which are solid, but not crystalline. This is derived from the fact
that the crystallization process itself causes the expulsion of the drug, as evident in first
generation counterparts composed of solid lipid alone [11]. By using binary mixtures of
solid lipids and liquid lipids, the particles become solid after cooling but do not crystallize.
NLC has easily stabilized with the minimum possible concentration of surfactants along
with the best results of stability, entrapment, and release [12].

Levosulpiride (Figure 1A) is a benzamide derivative with antipsychotic, antidepressant
and prokinetic activity. It inhibits the dopamine D2 receptors at the trigger zone in the
central and peripheral nervous system [13]. Due to the high selectivity of D2 inhibition, LSP
has a low sedation and hypotensive effect. Levosulpiride has low bioavailability (20–30%)
at the dosage range of 100–200 mg after oral administration. The time to reach peak plasma
concentration is 3 h with a half-life of approximately 6 h depending on the dose and route
of administration. Being less soluble with low permeability, levosulpiride has difficulty
penetrating the blood-brain barrier after oral administration [13].
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Figure 1. Chemical structure depiction of (A) levosulpiride and (B) component compounds of Precirol
ATO 5. (a) Palmitic Acid, (b) Stearic Acid and (c) Glycerin.

In a previous study, we developed, optimized and characterized LSP-loaded NLCs
which significantly increased bioavailability and enhanced the prokinetic efficacy of LSP
after oral administration, but the antipsychotic and antidepressant effect of LSP-NLCs was
not determined. Our current study aims to investigate the antipsychotic and antidepressant
efficacy of LSP when administered through NLCs. Near-infrared fluorescence (NIRF)
imaging was performed to determine the biodistribution of LSP-NLCs after administration.
An acute toxicity study of LSP was carried out in rats.
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2. Results and Discussion
2.1. Particle Characterization and Entrapment Efficiency

The developed optimized LSP-NLCs were subjected to particle size analysis, and
PDI value and zeta potential were also measured. Optimized LSP-NLCs showed a mean
particle size of 151.2 ± 1.06 nm in terms of % intensity (Figure 2). The obtained PDI
value of LSP-NLCs was 0.25 ± 0.02, showing a narrow size and uniformly homogeneous
distribution. The literature suggests that nanoparticles with a size of less than 200 nm
show efficient absorption in the intestine and have a tendency to bypass uptake by the
reticuloendothelial system and hepatocytes. These characteristics anticipate an enhanced
LSP bioavailability with extended blood circulation and effective transport of LSP-NLCs to
the brain to attain the desired therapeutic levels [14,15]. LSP-NLCs showed a zeta potential
value of −23.17 ± 3.37 mV. Previously, it was reported that Tween 80 and Labrasol were
responsible for the steric stabilization of the nano-formulation. In the presence of steric
stabilization along with electrostatic stabilization, the lipid nano-formulations exhibited
adequate physical stability at a zeta potential value of −20 mV. A zeta potential value of
−23.17 ± 3.37 mV on the surface of LSP-NLCs demonstrated the LSP orientation within
the lipid matrix and the prospects for physical stability of LSP-NLC formulation. Moreover,
the highly negatively charged nanoparticles were reported to be more favorable for brain
drug delivery than positively charged nanoparticles as they may compromise the blood-
brain barrier integrity [16,17]. The LSP-NLCs showed a high incorporation efficiency of
86 ± 3.1%, which could be due to the addition of the liquid lipid in the lipid matrix.
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2.2. Biodistribution Study

LSP-NLCs were physically tagged with coumarin 6 to make them fluorescent to track
the biodistribution after subjecting them to NIRF imaging. The movement of F-NLCs in the
GIT was tracked by harvesting the stomach, intestine and colon after oral administration at
0.5 h, 1 h, 2 h and 4 h. Ex vivo imaging studies were examined in excised organs (brain,
heart, liver, kidneys) to identify the relative fluorescent signal at the abovementioned time
points after an I.P. injection. The reason for the selection of the I.P route to determine the
biodistribution of LSP-NLCs in different organs other than the GIT system was to avoid the
digestion of NLCs in the small intestine as the coumarin-6 was physically tagged within
the F-NLCs. The results in Figure 3A show ex vivo optical imaging in GIT to confirm
the F-NLC movement. At the initial time point (0.5 h), a strong fluorescent signal was
observed in the stomach which decreased with the increasing time intervals showing
the gastric emptying of the stomach. Subsequently, the fluorescent signal in the initial
part of the intestine was observed at the time point of 1 h after oral administration. A
drop in florescent intensity with the movement to the lower portion of the intestine was
translated as the absorption of F-NLCs in the intestine and GIT movements [18]. The
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fluorescence that appeared in the colon after 2 h was consistent throughout the colon and
disappeared after 4 h, demonstrating no absorption in the colon. It is assumed that the
florescent dye was disassociated from F-NLCs after the digestion process in the intestine
and the luminal content was a mixture of unabsorbed coumarin and lipid digests. The
ex vivo images exhibited in Figure 3B show that the signal for fluorescence intensity
was increased in a time-dependent manner in the obtained organs, which indicates that
the F-NLCs were absorbed from the peritoneal cavity and were available in the blood
circulation from which they were distributed to different organs. The brain was the main
organ of interest to study the biodistribution of NLCs as the concentration of LSP in the
brain determines the therapeutic efficacy of the LSP in depression and anxiety treatments
along with the role of NLCs in brain drug delivery. The fluorescent images of the brain
showed a low intensity of fluorescence after 30 min of I.P injection whereas the maximum
brain accumulation was observed after 1 h. Afterward, a decrease in fluorescence was
detected. The strong fluorescence signal in the brain established the fact that LSP-NLCs
have the tendency to pass the blood-brain barrier and increase the bioavailability of LSP
in the brain. The possible mechanisms behind this phenomenon could be smaller particle
size, which enhances permeability due to lipid nature [19,20], membrane fluidization due
to the presence of surfactants, efflux pumps blocking the brain endothelial cells [21,22],
and possible endocytosis or cytopempsis of the NLCs [23]. Furthermore, previously it
was reported that low molecular weight and lipophilicity of the drug also play a role
in the passive diffusion of the drug molecule which could also be a factor in enhanced
brain delivery of LSP. Fewer signals in the liver and kidneys showed little accumulation of
F-NLCs in the liver and the kidneys. The ex vivo images of the heart also presented a faint
signal showing an insufficient amount of F-NLCs [13,24].
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2.3. Antidepressant and Anxiolytic Activity

In an attempt to elucidate the treatment response to underlying psychiatric illness,
complementary behavioral tests were performed to assess LPS-induced antidepressant
and anxiolytic effects. LPS has been extensively used to induce behavioral changes in
rodents which mimic depression and anxiety symptoms. These symptoms exhibit as
behavioral despair, disturbance in the expression of inflammatory markers and alteration in
neurotropic transmission. The antidepressant and anxiolytic effect of LSP-NLCs and LSP-
DPN was evaluated in an LPS-induced depression and anxiety model after oral delivery.
Struggling and immobility time in the forced swim test and tail suspension test were taken
as a measure of the efficacy of the optimized LSP-NLCs. The LPS injection significantly
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reduced the swimming time of mice (142 ± 30 s) in the negative control group to which no
treatment was given, indicating the induction of depression as compared to the P-Control
group (260 ± 27 s). When LSP-NLCs and LSP dispersion were administered orally there
was increased swimming time (237 ± 51 s & 157 ± 36 s) and reduced immobility (123 ± 51 s
& 203 ± 35.6 s) as compared to the N-Control group (Figure 4A,B). The tail suspension test
showed similar results to those from the FST. The obtained results (Figure 4C,D) suggest that
LSP-NLCs substantially increased the struggling time to 226 ± 15 s and reduced immobility
time to 134 ± 15 s, which was greater than that of LSP-DPN administered orally (212 ± 31,
148 ± 30.8 s). The results mentioned in Table 1 show a significant increase (119 ± 10 s) in
the time spent and number of entries (7 ± 2) in the lightbox as compared to LPS-induced
anxious mice. Similarly, the mouse group treated with LSP-NLCs showed an increase
in the time spent in the central compartment and the number of compartments crossed
(Table 1). Results from the pharmacodynamics studies (behavioral despair) revealed the
effective delivery of levosulpiride loaded in NLCs through the oral pathway. Levosulpiride
delivery in the form of NLCs enhanced the bioavailability of the LSP in systemic circulation
ultimately leading to augmented brain delivery when compared with an equivalent dose of
dispersion. The behavioral changes revealed in the pharmacodynamics studies in mice can
be explained by the antagonist effect of LSP on D2 receptors. The selective blockade of the
D2 receptor at presynaptic and postsynaptic neurons increases the behavioral response in
depressed and anxious mice by controlling the synthesis and release of dopamine [25,26].
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Table 1. Comparison of the results of light–dark box model (time spent and number of entries into
lightbox) and open field test (number of quadrants invaded and central compartment resting time)
among the different treated and control groups.

Groups

Light Dark Box Model Open Field Test

Time Spent in Light Box Number of Entries in the
Lightbox

Number of
Quadrant Invasion

Central Compartment
Resting Time

Positive control 144 ± 73 5 ± 2 76 ± 19 11 ± 9
Negative control 52 ± 34 2 ± 2 19 ± 5 2 ± 2
LSP dispersion 76 ± 32 4 ± 1 44 ± 12 3 ± 2

LSP-NLCs 119 ± 10 * 7 ± 2 * 75 ± 22 ** 6 ± 2 *
Data are presented as mean ± S.D (n = 3). Data were analyzed by one-way ANOVA followed by Dunnett’s test.
* p < 0.05, ** p < 0.01 among treated vs. negative control.

2.4. Acute Oral Toxicity Study
2.4.1. Body Weight Measurements, Observation of Clinical Signs and Food Consumption

In vivo toxic effects of LSP and LSP-NLCs were evaluated at a comparatively higher
concentration of 50 mg/kg of LSP. The treatments were orally administered to each mouse
in the treated groups whereas normal saline was given to the control group. After the
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administration of specific treatment, the mice were monitored for 48 h for specific param-
eters (any change in the behavior pattern, physical appearance, occurrence of clinical or
toxicological symptoms, feed consumption, and mortality) and after that were observed
daily to check the occurrence of any toxic event macroscopically. No animal mortality or
prominent exterior signs of toxicity were recorded. All the experimental animals showed
normal patterns of physical condition and behavior. The body weights of the animals at
day 0 and day 14 are given in Figure 5A. No significant change in body weight among the
control and treated groups was noted throughout the duration of the study. On day 14,
before the utilization of the mice to collect different organs for further study, the blood
samples were taken from all mice individually and hematology and serum biochemistry
analyses were performed.
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Figure 5. Evaluation of acute oral toxicity through analysis of (A) body weight comparison, serum
biochemical analysis of blood, (B) liver function tests, (C) renal function tests, (D) serum electrolytes,
(E) glucose, cholesterol, total protein and (F) organ body index after treatment with LSP dispersion
(LSP-DPN) and LSP-NLCs. Data are represented as mean ± S.D (n = 3). Unit = Albumin (g/dL),
Bilirubin (mg/dL), ALP (IU/L), ALT (IU/L), AST (IU/L), Glucose (mg/dL), Cholesterol (mg/dL),
Total protein (g/dL).

2.4.2. Hematology Analysis

For a drug nanocarrier system, the most critical task is to ensure compatibility with
the blood to avoid any unwanted inflammatory response which mostly occurs due to
incompatibility with blood components. The hematological data results in Table 2 exhibit
that no statistically significant differences were present among the treatment-exposed
groups and the control group. The complete blood count results of all treated mice showed
normal levels of total red blood cells, white blood cells, hemoglobin, and platelet count as
well as packed cell volume, hematocrit, mean corpuscular volume and mean corpuscular
hemoglobin in the peripheral blood and the results of treated groups remained in close
proximity to the results for the control group.

Table 2. Hematological analysis of mice blood in acute toxicity studies after 14 days of oral adminis-
tration of LSP dispersion (LSP-DPN) and LSP-NLCs.

Group WBC RBC HCT Hb MCV MCH PCV Platelets
(×109/L) (×1012/L) % (g/dL) (fL) (pg) (%) (×109/L)

Control 8.7 ± 2.3 8.4 ± 2.5 39.0 ± 2.9 14.5 ± 1.6 47.2 ± 3.1 14.4 ± 2.7 50.4 ± 7.4 762.3 ± 30.6
LSP-DPN 9.2 ± 2.5 9.4 ± 3.6 42.0 ± 2.5 15.1 ± 2.9 49.2 ± 1.9 15.0 ± 2.8 48.2 ± 5.1 755.1 ± 41.0
LSP-NLCs 8.9 ± 2.9 8.6 ± 2.8 40.3 ± 3.0 15.2 ± 2.2 48.8 ± 3.7 16.1 ± 2.4 48.8 ± 5.5 752.9 ± 52.5

Data are presented as mean ± S.D (n = 3).
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2.4.3. Serum Biochemistry

Serum biochemistry parameters were analyzed to check for any abnormal effect of
the LSP suspension and LSP-NLCs on the integrity and functions of the liver and kidneys.
Liver function test parameters are shown in Figure 5B. The functionality of liver cells is
described by the albumin levels which were not affected by the LSP dispersion or LSP-
NLCs treatment. An insignificant difference in the level of alanine aminotransferase and
alkaline phosphate was observed with LSP-DPN and LSP-NLCs compared to that of the
controls and the values fall within the acceptable limits. Cellular integrity of the liver cells
is portrayed through alanine aminotransferase and alkaline phosphate which are produced
as indicators of the function of liver cells. An increased alanine aminotransferase level
specifies cell damage or necrosis due to the outflow of this enzyme from liver cells to the
blood. Elevated alkaline phosphate levels also illustrate cholestatic liver disease with liver
cell damage connected with the bile duct. Normal aspartate aminotransferase values of
the treated groups with an insignificant difference from the control show the integrity of
the vital organs. A high aspartate aminotransferase level is a sign of organ damage. The
liver is also the main production site for serum proteins and any variation in the total
protein content shows liver abnormality. No significant changes were observed in the
total bilirubin level. However, the total protein levels were unaffected by LSP-DPN and
LSP-NLC treatment. The influence of LSP-NLCs on liver function tests was insignificant
(p > 0.05). To evaluate the consequence of LSP-NLC treatment on the kidneys, renal function
tests (RFTs) were performed. The outcomes in Figure 5C disclose no significant variation
from the RFTs reference values among the treated and untreated control groups. All the
treatments did not affect the creatinine and BUN levels. For further toxicity assessment
induced by LSP-NLC treatment, serum electrolytes (Na, K, Ca, and P) were assessed. The
results (Figure 5D) revealed no changes in serum Na and K levels in the case of LSP-NLCs
compared to the control. No changes were observed in the levels of Ca and P compared
with the control. The results in Figure 5E present no alteration in glucose levels and
cholesterol levels were also unchanged in all groups compared to the control [27,28].

2.4.4. Organ to Body Ratio

The weights of the vital organs are considered a good parameter for the evaluation of
in vivo toxicity. After 14 days of treatment exposure, the organ-to-body ratio of the vital
organs including the liver, kidneys, heart and stomach was calculated. The organ-to-body
index results (Figure 5F) exhibited no significant changes for all test organs from the treated
groups when compared to the control.

2.4.5. Histopathology of Vital Organs

The macroscopic inspection of the heart, kidneys, liver and stomach did not display
any observable variations or lesions on these organs. For further investigation, tissue histol-
ogy studies were executed on the slides prepared from test organs, as presented in Figure 6.
The normal morphological architecture was observed in microphotographs of tissue slides
of all the vital organs from the control and treated groups. The macroscopic inspection of
the heart, kidneys, liver and stomach did not display any observable variations or lesions
on these organs. A normal arrangement of cardiac myofibrils and myocytes was observed
without any structural change. Also, no signs of cardiac damage, necrosis, infiltration,
inflammation, hemorrhage, vacuolization, or myocardial infarction were observed in all
treated groups. Figure 6 shows that no morphological change occurred in the kidneys
of the treated groups. The glomerular structure presented a regular appearance in the
treated groups, which was similar to the control groups, without any interstitial and in-
traglomerular congestion or tubular atrophies. All the nephrons appeared to be normal
without any degeneration or necrosis. In the microscopic examination of the liver slides,
the hepatocytes displayed normal morphology with no signs of fatty accumulation, injury,
or necrosis. These findings support the outcomes obtained from liver function tests and
renal function tests demonstrating the safety of LSP-NLCs. Similarly, no signs of disruption
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were seen in the microscopic images of the stomach among the control and treated groups.
The gastric mucosa appeared to be intact with a typical histological architecture and normal
epithelium and glands.
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3. Materials and Methods
3.1. Materials

Levosulpiride was a kind gift from Bio-Lab Pvt. Ltd., Islamabad, Pakistan. Precirol®

ATO5 (Glyceryl palmitostearate, Figure 1B) and Labrasol® (Caprylocaproyl Polyoxyl-
8 glycerides) were generous gift by Gattefossé (Cedex, France). Coumarin, Tween 80
(polyoxyethylenesorbitan monooleate) and Span 80 (Sorbitan Monooleate) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Methanol, acetonitrile and chloroform of HPLC
grade were purchased from Merck (Hohenbrunn, Germany). All other chemicals were of
analytical grade and were used without further purification.

3.2. Preparation of LSP-NLCs

LSP-NLCs were prepared using a hot homogenization ultrasonication technique. For
this purpose, solid and liquid lipids and Span 80 were weighed and put into a glass vial.
To obtain lipid melt, the glass vial was maintained at 70 ◦C in a water bath. Then, a definite
amount of LSP was added to the melted lipids and mixed well in the molten lipids to
completely dissolve the drug. For the preparation of an aqueous phase, surfactant Tween
80 was dissolved in distilled water in a separate vial and heated up to 70 ◦C. Then, this hot
aqueous phase was poured into the lipid phase and homogenized using a homogenizer
(HG-15D, DAIHAN Scientific, Wonju, Republic of Korea at 15,000 rpm for 5 min. The
temperature of the system was maintained at 70 ◦C. A coarse o/w emulsion was obtained
which was further sonicated for 3 min at an amplitude of 50% and power of 100 W using
a probe sonicator (Vibracell™ VCX750; Sonics and Materials Inc., Newtown, CT, USA).
The obtained nano-emulsion was rapidly cooled down in a glass jar filled with ice to
obtain LSP-NLCs.

42



Pharmaceuticals 2023, 16, 1220

In our previous study, an initial screening was carried out to select the suitable solid,
liquid lipid and surfactant. Precirol ATO 5 was selected as the solid lipid and Labrasol
was chosen as the liquid lipid. The preferred surfactants used were Span 80 and Tween 80.
The selection of the lipids was based on the solubility of levosulpiride in different lipids,
whereas the selection of the surfactants was determined by the homogeneity and stability
of the formulation. The LSP-loaded NLCs were optimized based on particle size, PDI value
and entrapment efficiency. Design-Expert software (version 13, Stat-Ease Inc., Minneapolis,
MN, USA) was used to find the optimal mixture composition of lipids and surfactants.
Numerical optimization with desirability function was carried out to obtain the optimal
formulation. The composition of the optimized formulation was 80.55% Precirol®® ATO 5,
19.45% Labrasol and 5% Tween 80/Span 80 mixture. The detailed results of the preliminary
study have been described in Sadia et al. [29].

3.3. Particle Size, PDI and Zeta Potential Measurement

The mean particle size and PDI value for optimized LSP-NLCs were determined by
a dynamic light scattering technique using a Zetasizer Nano ZSP (Malvern Instruments,
Worcestershire, UK), whereas the zeta potential was measured using a phase analysis light
scattering approach. The formulation was properly diluted with ultrapure water before
measurements were taken and the analysis was carried out in triplicates [30].

3.4. Entrapment Efficiency

The entrapment efficiency (EE) of LSP-NLCs was calculated according to Equation (1).
The untrapped drug and free lipids were separated by centrifugation of 1 mL of the LSP-
NLCs formulation at 4 ◦C and 12,000 rpm for 15 min. The obtained LSP-NLCs were
reconstituted with 1 mL of methanol and the concentration of the LSP incorporated in the
NLCs was determined spectrophotometrically at 237 nm.

EE (%) =
Amount o f LSP in NLCs

Total amount o f LSP added
× 100 (1)

3.5. In Vivo Studies
Experimental Animals

Assessment of the antidepressant and anxiolytic efficacy of LSP-NLCs via biodis-
tribution and acute toxicity studies was carried out on albino mice (30 ± 5 g). All the
experimental animals were obtained from the animal house of Riphah International Uni-
versity, Islamabad Pakistan. To acclimatize the animals to the lab environment, standard
conditions were maintained. All animal studies were in accordance with the National
Institute of Health policies, in line with the animal welfare act, and approved by the Re-
search and Ethics Committee of Riphah Institute of Pharmaceutical Sciences (Approval#
REC/RIPS/2019/015).

3.6. Biodistribution Study

The biodistribution of LSP through NLCs was carried out by performing a qualitative
analysis using fluorescent-labeled NLCs (F-NLCs). F-NLCs were developed by mixing
coumarin-6 (0.5% w/w) in the lipid melt during the preparation of NLCs before the addition
of the aqueous phase. To separate the F-NLCs from the unentrapped coumarine-6 and
free lipids, centrifugation was performed at 12,000 rpm for 15 min. In order to determine
the fate of LSP-NLCs in the gastrointestinal tract (GIT), F-NLCs were given orally and to
examine the LSP uptake in the brain and different organs, an intraperitoneal (I.P) injection
equivalent to the oral dose was administered. Twenty-four male albino mice were divided
into eight groups, four groups for the oral route and four groups for the I.P route (one group
for each time point). Ex vivo imaging of different organs collected from sacrificed mice was
performed at the predetermined time intervals of 0.5 h, 1 h, 2 h and 4 h after administration.
Fluorescence imaging was performed using I-Box Explorer2 (iBox® Explorer2 Imaging
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Microscope, UVP Ltd., Cambridge, UK) equipped with an automated BioLite™ Multi-
Spectral Light Source, and the system excitation and emission filter were set at 535/45 and
605/50, respectively. A 3.2 MP OptiChemi 695 camera was used to capture the images and
the images were captured at 0.17× magnification. The recorded images were interpreted
using Vision Works® LS Acquisition software [18,31].

3.7. Anti-Depressant and Anxiolytic Activity

The antidepressant and anxiolytic activity of LSP-loaded NLCs was investigated
using a lipopolysaccharide (LPS)-induced depression and anxiety model in mice. Twelve
experimental animals were divided into four groups (three mice in each group). Group-1
served as a positive control (P-Control) and was administered with 0.5 mL normal saline
daily whereas group-2 was selected as negative control (N-Control) and was given LPS
only to induce depression and anxiety. Group-3 and group-4 were treated groups and
received individual LSP-DPN and LSP-NLCs daily at a dose equivalent to 5 mg/kg of
LSP. Water was used as a vehicle to disperse the free LSP. The N-control group and treated
groups also received intraperitoneal injections of LPS (500 µg/kg) on alternate days for
7 days. A pretest was conducted on day 8 of treatment followed by actual behavioral tests
on day 9. The pictorial illustration of the LPS-induced depression and anxiety model is
shown in Figure 7.
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3.7.1. Behavioral Studies

To analyze the antidepressant activity of the LSP-NLCs, forced swim and tail suspen-
sion tests were carried out. Whereas, light–dark box and open field tests were performed
to evaluate the anxiolytic behavior.

Forced Swim Test

The forced swim test, known as Porsolt’s test, was carried out by gently placing the
mice in a transparent glass cylinder measuring 50 × 21 × 21 cm, filled with water up to
35 cm. The water was maintained at room temperature 25 + 2 ◦C and replaced with fresh
water after each test to avoid the influence of contaminated water. The struggling motions
of mice were recorded for 6 min. The struggling and immobility times were recorded for
all mice. Immobility was considered as a loss of struggling effort to escape the container.
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Swimming time was registered as a measure of mobility. Swimming was considered when
forelimbs or hindlimbs moved in a paddling manner. The mice were removed from the
water at the end of the experiment, dried with a towel and placed in a separate cage [6].

Tail Suspension Test

The tail suspension test was conducted by suspending the mice at a height of 50 cm
by their tails and the tails were held away from the body with climb stoppers. Struggling
and immobility time was videotaped for 6 min. Immobility was measured by the absence
of any movements [32].

Light and Dark Box Test

For the light and dark experiment, a rectangular wooden box with dimensions of
44 × 21 × 21 cm, divided into two compartments separated by a wooden board with an
opening in its base for the movement of mice from one to another compartment, was
used. The larger light compartment was painted white in color and lit up with a bulb
and the smaller compartment was painted black. Each mouse was placed in the light
compartment and the time it spent in each compartment and the number of entries were
recorded for 6 min [33].

Open Field Test

The open field test was used to determine the effect of LSP-NLCs on the locomotor
activity of the mice. For this purpose, the mice were separately positioned in the center of a
box (40 × 60 × 50 cm) to which they were not habituated before the test. The locomotor
activity of the animals was observed immediately up to 6 min. Time spent in the central
compartment and the number of line crossings were the parameters considered for the
activity. The apparatus was cleaned after each mouse activity [34].

3.8. Acute Oral Toxicity Study

The acute oral toxicity of LSP and LSP-NLCs in mice was evaluated after a single oral
dose for a period of 14 days. Mice were divided into 3 groups (n = 3) and retained under
accustomed conditions of food and water. Group-1 was given LSP dispersion, group-2 was
given LSP-NLCs, and group-3 served as control and was given normal saline. A dose of
(50 mg/kg) was given orally through gavage [27].

3.8.1. Body Weight Measurements and Observation of Clinical Signs and Food Consumption

The body weight of all the mice was measured on day 1 before dosing and after
treatment on day 14. The experimental animals were visually observed initially for 48 h and
then daily for 14 days for any change in behavior pattern, physical appearance, occurrence
of clinical or toxicological symptoms, feed consumption, and mortality [35].

3.8.2. Hematology Analysis

On day 14, blood samples of mice were collected from tail veins in EDTA vacuumed
blood collection tubes and were analyzed by an automatic hematology analyzer (Sysmex
KX-21, Sysmex Corporation, Kobe, Japan) for red blood cell counts (RBCs), total white blood
cells (WBCs), hemoglobin (Hb) levels and total number of platelets in each sample. Packed
cell volume (PCV) was measured manually by using capillary microhematocrit tubes [27,36].

3.8.3. Serum Biochemistry

The serum was separated from the blood samples collected from tail veins and kept
at −80 ◦C until further analysis. The renal and liver function test parameters and the
concentration of serum enzymes, bilirubin, proteins and electrolytes were determined by
using a semi-automated biochemistry analyzer (HumaLyzer 3500, Human Diagnostics,
Wiesbaden, Germany) [28,37].
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3.8.4. Organ to Body Ratio

Upon completion of the study duration, the mice were euthanized and the heart,
kidneys, liver and stomach were removed. After washing, the weight of all the organs
was measured individually and treated groups were equated with the organ weight of the
control group. Organ-body weight index was calculated by using the formula below [38].

Organ body weight index = Organ weight (g)/Body weight (g) ×100

3.8.5. Histopathology of Vital Organs

A macroscopic examination of all the previously removed and washed organs was
carried out to check for any abnormality or lesion formation against the control. The tissue
histology slides of the heart, kidneys, liver and stomach were cautiously prepared by fixing
the organs in paraffin and cross-sections of tissues of 0.5 µm in size were carefully cut
using a microtome. The tissue sections were fixed onto glass slides, stained with H&E
stain and examined microscopically (Olympus CX43) for structural changes and signs
of toxicity [39,40].

3.9. Statistical Analysis

GraphPad Prism 8 software (version 8.0.2, San Diego, CA, USA) was used for statistical
analysis of the data and results were presented as mean ± S.D. Statistical significance
between the treated groups and controls was determined by comparing their mean values
using one-way ANOVA followed by Dunnett’s test. The significance level was p < 0.05.

4. Conclusions

In this study, the antidepressant and anxiolytic performance of LSP-NLCs was in-
vestigated in vivo to reflect their therapeutic potential. LSP-NLCs significantly reduced
depressive behavior in the animal model. Furthermore, F-NLCs show enhanced accessibil-
ity to brain tissues after intraperitoneal injection in biodistribution studies using ex vivo
imaging analysis. However, LSP-NLCs were found to be safe after in vivo administration
at higher doses and showed no signs of toxicity. These results suggest that LSP-NLCs could
be a promising carrier system for the effective delivery of LSP to the brain for the treatment
of depression.
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Abstract: Diabetes treatment requires focused administration with quality systemic circulation to
determine the optimal therapeutic window. Intestinal distribution through oral administration with
nanoformulation provides several benefits. Therefore, the purpose of this study is to create plumbagin
enclosed within niosomes using the quality by design (QbD) strategy for efficient penetration and
increased bioavailability. The formulation and optimization of plumbagin-loaded niosomes (P-Ns-
Opt) involved the use of a Box–Behnken Design. The particle size (PDI) and entrapment efficiency of
the optimized P-Ns-Opt were 133.6 nm, 0.150, and 75.6%, respectively. TEM, DSC, and FTIR were used
to analyze the morphology and compatibility of the optimized P-Ns-Opt. Studies conducted in vitro
revealed a controlled release system. P-Ns-Opt’s antioxidant activity, α-amylase, and α-glucosidase
were evaluated, and the results revealed a dose-dependent efficacy with 60.68 ± 0.02%,90.69 ± 2.9%,
and 88.43 ± 0.89%, respectively. In summary, the created P-Ns-Opt demonstrate remarkable potential
for antidiabetic activity by inhibiting oxygen radicals, α-amylase, and α-glucosidase enzymes and
are, therefore, a promising drug delivery nanocarrier in the management and treatment of diabetes.

Keywords: quality by design; plumbagin; diabetes; in vitro; niosomes

1. Introduction

1,4-naphthoquinones are a class of phytoconstituents that have been extracted from
natural resources over the past few decades, and these compounds have a wide range of
biological attributes and regulate a number of pharmacological functions, making them
promising new targets for various illnesses [1]. A naturally occurring naphthoquinone
called plumbagin (5-hydroxy-2-methyl-1,4-napthoquinone, PLB) has been identified in the
roots of the traditional medicine plant Plumbago zeylanica L. Plumbagin has been shown to
have a variety of biological effects, including anti-inflammatory, anti-cancer, antioxidant,
antibacterial, antifungal, anti-atherosclerosis, and analgesic actions. It is a pro-oxidant and
a vitamin K3 analog [2]. Plumbagin is known to inhibit diabetes by enhancing GLUT4
translocation and glucose homeostasis [3]. According to research, plumbagin exhibits
restricted biopharmaceutical qualities, including high lipophilicity, insolubility in water, a
short biological half-life, and a low melting point, which result in it having bioavailability
of only 39% upon oral administration [4]. Using an alternative and correct dosage form,
plumbagin can be utilized to deal with issues related to its biopharmaceutical properties.
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Switching from conventional form to nanoformulation-loaded natural compounds can
tackle the challenges caused by solubility, penetration, toxicity, bioavailability, etc.

Niosomes are vesicular systems comprising nonionic surfactants, and they have a
unique structure that enables the integration and distribution of hydrophobic and hy-
drophilic medicinal molecules, respectively. Niosomes are also osmotically responsive,
nontoxic, immune suppressive, biocompatible, and biodegradable. Niosomes have been
studied as a potential drug carrier system with a number of administration methods, includ-
ing oral, parenteral, dermal/transdermal, ophthalmic, and pulmonary [5]. The findings
revealed that encapsulating curcumin in niosomal nanoparticles would enhance anti-tumor
results of curcumin on glioblastoma [6].According to an in vitro study, utilizing niosomes
to encapsulate Law can dramatically boost the formulation’s anticancer activity in the
MCF-7 cell line. Niosomes are a potentially useful delivery mechanism for phytochemical
substances, since they have low solubility in bodily fluids [7]. Various niosomes have been
synthesized to overcome the limitations of phytoconstituents [8].

The investigation was designed to encapsulate the plumbagin into niosomes by op-
timizing three independent variables: cholesterol (X1), span 20 (X2), and sonication time
(X3). Vesicle size (Y1), entrapment effectiveness (Y2), and PDI (Y3) were used as dependent
variables to optimize the niosomes. The antioxidant activity (DPPH assay) and invitro
diabetic assay of the optimized formulation were also assessed.

2. Results and Discussion
2.1. Independent Variables Impact on Vesicle Size

The study revealed that cholesterol has a optimistic impact, while Span 20 and son-
ication time have a negative impact, on vesicle size, as shown in the equation below:

Y1 = +86.49583 + 1.26000X1 − 1.74125X2 + 5.69792X3 − 0.001500X1 × X2 − 0.010000X1 × X3 + 0.006250X2 ×
X3 + 0.006635X12 + 0.018292X22 − 1.00521X32

The P-Ns formulation exhibited the lowest vesicles size of 106.4 nm (P-Ns-11), while
the highest vesicles size of 204.4 nm was recorded for the P-Ns-15 formulation. The P-Ns-11
formulation presented minimum vesicles of 106.4 nm in size and composed of cholesterol
(40 mg), Span 20 (30 mg), and sonication time (6.0 min), and the P-Ns-15 formulation
presented maximum vesicles of 204.4 nm in size and composed of cholesterol (80 mg), Span
20 (20 mg), and sonication time (4 min) (Table 1). Our findings revealed that P-Ns’ vesicles
size increases as the concentration of cholesterol increases (Figure 1). It was noted that
the formulations that contained 80 mg of cholesterol showed higher vesicles sizes, such as
P-Ns-2 (196.8 nm), P-Ns-3 (185.1 nm), and P-Ns-4 (187.9 nm), while P-Ns-1, P-Ns-5, P-Ns-7,
and P-Ns-11 formulations, which included 40 mg of cholesterol, produced vesicles with
lower sizes of 110.3 nm, 133.6 nm, 116.5 nm, and 106.4 nm, respectively. Changes in vesicle
size that augmented the cholesterol concentration could be attributed to various factors,
such as strength, elasticity, membrane rigidity, and solubility [9]. It was noted that smaller
vesicles might be produced by increasing the concentration of the surfactant (Span 20) [10].
As the Span 20 concentration increases from 20 to 40 mg, the sizes of vesicles decrease from
133.6 to 110.3 nm, 162.3 to 138.7 nm, and 150.9 to 106.4 nm, respectively, as can be observed
in the P-Ns-5 and P-Ns-1, P-Ns-6 and P-Ns-10, and P-Ns-13 and P-Ns-11 formulations.
Additionally, it was found that a longer sonication period results in smaller vesicles [11].
The P-Ns-2 formulation prepared with less sonication (2 min) displayed bigger vesicles
size than the P-Ns-8 and P-Ns-10 (4 and 6 min) formulations (Figure 1A).
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Table 1. Composition and optimization of P-Ns.

Formulation
Codes

Independent Variables Dependent Variables

Cholesterol
(mg) Span 20 (mg) Sonication

Time (min)
Vesicles Size

(nm) PDI Entrapment
Efficiency (%)

P-Ns-1 40 40 4 110.3 0.132 60.1
P-Ns-2 80 30 2 196.8 0.224 87.5
P-Ns-3 80 30 6 185.1 0.235 81.9
P-Ns-4 80 40 4 187.9 0.242 79.7
P-Ns-5 40 20 4 133.6 0.150 75.6
P-Ns-6 60 20 2 162.3 0.193 83.1
P-Ns-7 40 30 2 116.5 0.135 67.6
P-Ns-8 60 30 4 152.1 0.186 75.2
P-Ns-9 60 30 4 152.7 0.185 75.4

P-Ns-10 60 40 6 138.7 0.183 64.7
P-Ns-11 40 30 6 106.4 0.127 61.8
P-Ns-12 60 40 2 149.6 0.185 68.4
P-Ns-13 60 20 6 150.9 0.182 76.3
P-Ns-14 60 30 4 152.9 0.183 75.7
P-Ns-15 80 20 4 204.4 0.252 94.6
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2.2. Independent Variables Impact on PDI

The results of the trial suggest that the independent variables cholesterol and Span 20
have positive effects on PDI, as shown in the equation below.

Y2 = +0.165583 + 0.001206X1 − 0.005938X2 + 0.001542X3 + 0.000010X1 × X2 +
0.000119X1 × X3 + 0.000113X2 × X3 + 4.79167 × 10−6X12 + 0.000074X22 − 0.001583X32

For the P-Ns-15 formulation, the maximum PDI was reported to be 0.252, while
the minimum PDI was observed to be 0.127 (Figure 1B, Table 1). When the amount of
cholesterol was increased from 40 to 80 mg, it was found that the PDI increased immediately
from 0.132 (P-Ns-1) to 0.252 (P-Ns-15), while with Span 20, vesicle size decreased upon
increasing the quantity from 20 to 40 mg (P-Ns-15 and P-Ns-10), and the sonication time was
shown decrease in PDI (0.193, 0.150 and 0.127) as the duration of sonication increased from
2 to 4 and 6 min in formulations P-Ns-6, P-Ns-5, and P-Ns-11, respectively, maintaining the
same values for the Span 20 (X2) and sonication time (X3). This finding indicates that Span
20 (X2) has a significant impact on PDI. In comparison, the P-Ns-1, P-Ns-8, and P-Ns-6
formulations, which had the highest to lowest concentrations of Span 20, exhibited lower
to greater PDI.

2.3. Independent Variables Impact on Entrapment Efficiency%

In the current investigation, cholesterol had a favorable effect, while Span 20 had a
detrimental impact on the effectiveness of entrapment of P-Ns vesicles, as mentioned in the
equation below.

Y3 = +87.37917 − 0.082500X1 − 1.05625X2 + 2.50208X3 + 0.000750X1 × X2 + 0.001250X1
× X3 + 0.038750X2 × X3 + 0.004552X12 + 0.002458X22 − 0.638542X32

P-Ns-15 and P-Ns-1 had the highest and lowest entrapment efficiencies, which were
found to be 94.6% and 60.1%, respectively (Table 1). In contrast to Span 20, cholesterol
(X1) had a favorable impact on %EE, while Span 20 (X2) had a negative impact (Figure 1C).
It was shown that, as demonstrated in the P-Ns-11 and P-Ns-7, P-Ns-9 and P-Ns-6, and
P-Ns-3 and P-Ns-15 formulations, an increase in the content of cholesterol (40 mg–80 mg)
increased the %EE from 61.8 to 67.6%, 75.4 to 83.1%, and 81.9 to 94.6%, respectively. The
EE% decreased in the P-Ns-15 and P-Ns-6, P-Ns-3 and P-Ns-8, and P-Ns-1 and P-Ns-11
formulations from 94.6 to 83.1%, 81.9 to 75.2%, and 61.8 to 60.1% when the concentration
of Span 20 was increased from 20 to 40 mg. The %EE steadily dropped as the sonication
period increased. Ultra-sonication of formulations not only aided in shrinking vesicles, but
also had an impact on drug entrapment by breaking vesicles, which caused drug(s) to leak
from vesicles and reduced drug entrapment. As seen in P-Ns-2 and P-Ns-6, P-Ns-4 and
P-Ns-8, and P-Ns-13 and P-Ns-10 formulations, increasing the duration of the sonication
time (2 min to 6 min) decreased the %EE from 87.5 to 83.1%, 79.2 to 75.2%, and 76.3 to 64.7%.

2.4. Point Prediction

For the purpose of choosing an optimum formulation and performing additional
characterization, the point prediction approach was utilized. The optimized P-Ns-Opt
formulation had cholesterol (40 mg), Span 20 (20 mg), and 4 min of sonication. The
identification of the actual and predicted values of all of the dependent variables was also
examined. PDI was 0.150, entrapment efficiency was 75.6%, and the actual vesicle size was
133.6 nm. According to the expected parameters, the vesicle was 152.56 nm in size, having
a PDI of 0.150 and entrapment effectiveness of 75.43%.

2.5. Vesicle Dimensions and PDI

The optimized plumbagin-loaded niosomes had particles with a size of 133.6 nm, as
determined using dynamic light scattering and a nano-zeta sizer. An extraordinarily low
PDI of 0.150 for the particle size distribution was discovered (Figure 2A).
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2.6. Morphological Study

The morphology and existence of the P-Ns-Opt formulation were verified using the
TEM micrograph. The micrograph of the optimized P-Ns-Opt formulation (Figure 2B)
showed a homogeneous distribution of sizes and spherical-shaped sealed formations.

2.7. Thermal Analysis

According to the supplier’s certificate of analysis, plumbagin has a melting point
between 76 and 78 ◦C. A strong endothermic peak at 79.752 ◦C was seen during the DSC
analysis of pure plumbagin, confirming its purity (Figure 3A). The DSC of the lyophilized P-
Ns-Opt (Figure 3B) showed a peak at 169.187 ◦C, which belonged to mannitol. Additionally,
it was noted that there were no additional peaks of available free drug in the thermogram,
suggesting that there had been no precipitation and the drug had been entirely enclosed in
the vesicles. As a result, it can be inferred that cholesterol and Span 20 interact or combine
with one another, and this finding verifies the production of plumbagin niosomes and the
absence of the anticipated plumbagin leaking.

2.8. FTIR Analysis

To evaluate the compatibility with excipients, the FTIR was used to evaluate the
plumbagin and P-Ns-Opt formulations (Figure 4). Peaks at 3293.59, 2966.65, 2144.94,
1984.84, 1903.32, 1805.45, 1664.64, 1452.46, 1263.43, 1112.97, 1030.03, 934.70, and 898.87 cm−1

were visible in the characteristic spectra of the plumbagin sample. Peaks at 3733.33, 2906.25,
2322.39, 2011.34, 1741.90, 1647.23, 1423.53, 1232.72, 1036.93, 1015.57, 923.76, and 877.65 cm−1

were shown by the P-Ns-Opt. The FTIR spectra showed the standard sample peak, which
was also present in the spectra peaks of P-Ns-Opt, demonstrating the unaltered attachment
of the plumbagin molecule derived from the optimized formulation to the excipients.
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2.9. In Vitro Drug Release

P-Ns-Opt and plumbagin dispersion were compared on the basis of the drug release
behavior (Figure 5). After 6 h of the trial, 36.6% of the cumulative release of plumbagin
from the plumbagin suspension was seen to be rapidly released. After 24 h, a release
rate of 66.17% was seen. While P-Ns-Opt demonstrated prolonged drug release, it also
displayed an initial rapid release that might have been brought on by the unentrapped drug.
Later, P-Ns-Opt displayed a plumbagin release rate of 88.19% at 12 h and a release rate of
93.04% at 24 h. The plumbagin was first released in bursts over a few hours, as shown in
Figure 5, and the release was then continued for up to 24 h. By replenishing the receiver
medium, the new buffer was employed to preserve the sink condition; however, this cannot
entirely replicate the sink condition. As a result, it might not be able to completely remove
pharmaceuticals from the matrix.
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Several drug release kinetic models, including the Korsmeyer–Peppas, Higuchi,
zero-order, and first-order models, were employed to assess the drug release data. The
Korsmeyer–Peppas model had the greatest R2 value (0.971), the Higuchi model had
R2 = 0.891, the first-order model had R2 = 0.488, and the zero-order model had the low-
est R2 value (0.666). As a result, the release of plumbagin from P-NS-Opt showed the
best-fitting model to be the Korsmeyer–Peppas model.

2.10. Antioxidant Study

To inhibit, oppose, or delay a reaction, antioxidants can bind with free oxygen radicals
in a chemically synthesized or natural way. In this study, the antioxidant capabilities of the
ascorbic acid, P-Ns-Opt, and plumbagin were evaluated using the DPPH method (Figure 6).
Ascorbic acid, plumbagin, and P-Ns-Opt each had antioxidant activities of 77.86 ± 0.03%,
49.59 ± 0.06, and 60.68 ± 0.02%, respectively. Thus, it is clear that the produced ascorbic
acid and P-Ns-Opt have greater potential than plumbagin to treat a variety of disorders
linked to oxidative stress.
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2.11. Inhibitory Assay of α-Amylase and α-Glucosidase Assay

The primary enzymes that assist in breaking apart glucose and speed up the way in
which it is absorbed by the gastrointestinal tract are α-amylase and α-glucosidase, which
result in higher level of sugar in blood and the suppression of the enzymes responsible
for the digestion of carbohydrates, leading to the lowering of blood sugar levels. Figure 7
depicts the inhibitory effects of plumbagin, P-Ns-Opt, and acarbose. Standard (acarbose)
suppressed α-amylase at the maximum level, followed by P-Ns-Opt and plumbagin at
93.71 ± 2.6%, 90.69 ± 2.9%, and 83.64 ± 3.5%, respectively. The results of the α-glucosidase
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inhibition assay showed that acarbose exhibited greater levels of inhibition effectiveness
(93.16 ± 1.7%) than P-Ns-Opt (88.43 ± 0.89%) and plumbagin (81.07 ± 1.2%).
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2.12. Stability Study

The P-Ns-Opt formulation’s stability studies were conducted to assess its durability
during storage (8 weeks) and any medication degradation/loss stemming from niosomes
(Table 2). At the conclusion of the first month, the EE% and vesicle size of the P-Ns-Opt
formulation maintained at 4 ◦C/60 ± 5% RH were assessed. The measurements of EE% and
vesicle size were 69.93 ± 2.1% and 166.56 ± 6.3 nm, respectively. The remaining medication
was once more assessed after 8 weeks using the same technique as that used to assess the
entrapment effectiveness and vesicle size. The findings indicated that the vesicles were
stable under refrigeration and the EE% were 63.71 ± 2.7% and 180.96 ± 1.8 nm, respectively.

Table 2. Stability study of P-Ns-Opt at 4 ± 0.5 ◦C.

Observations 0 Days 30 Days 60 Days

Vesicle size 139.93 ± 6.77 nm 166.56 ± 6.35 nm 180.96 ± 1.89 nm
EE% 73.86 ± 4.1% 69.71 ± 1.5% 63.71 ± 2.7%

3. Materials and Methods
3.1. Materials

Span 20, cholesterol, disodium hydrogen phosphate, and potassium dihydrogen phos-
phate were procured from SD Fine chemicals, Mumbai, India. Plumbagin was purchased
from Sigma-Aldrich. Methanol, ethanol, sulfuric acid, and HCl (LR grade and AR grade)
were purchased from Merck, Mumbai, India.
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3.2. Methods
3.2.1. Encapsulation of Niosomes Loaded with Plumbagin

The solvent evaporation method approach was used to manufacture P-Ns-Opt. The
recipe used cholesterol, Span 20, and plumbagin as components. Each ingredient was
measured out in the required amounts, before being dissolved in ethanol. For thorough
mixing, samples underwent a 10-minutevortexing process. Separately for one hour at room
temperature, a magnetic stirrer was used to continuously mix the surfactant solution at
800 rpm while the ethanolic lipid mixture was introduced using a syringe. The obtained dis-
persions were probe sonicated in the presence of ice after the ethanol had been completely
removed in order to produce nano-sized niosomes (NNs). The niosomes were assessed for
additional criteria.

3.2.2. Optimization of Plumbagin Niosomes Formulation using Response Surface
Methodology (RSM)

The three factors found at three levels were applied to enable the optimization of
P-NNs using Design–Expert software (Version 12, Stat-Ease, MN, USA). To ascertain their
impacts on the particle size (Y1), PDI (Y2) and entrapment efficiency (Y3) of niosomes, the
various process parameters—cholesterol concentration (X1), Span 20 (X2), and sonication
time (X3)—were thoroughly studied. To obtain the ideal composition, independent vari-
ables were mentioned at low (−), medium (0), and high (+) concentrations (Table 3). To
evaluate the impact of independent variables, we included 15 distinct composition formu-
lation runs with three center points. Polynomial equations and response surface plots were
used to assess the impacts of independent variables. The polynomial equation provided
numerous models, including the quadratic and linear impacts of independent factors on de-
pendent variables. The quadratic model was the best of all the models because the variables
utilized showed both individual and combined impacts on the dependent variables.

Table 3. Independent variables used to prepare and optimize P-Ns via Box–Behnken design.

Variables Low High

Independent variables
X1 = Cholesterol (mg) 40 80

X2 = Span 20 (mg) 20 40
X3 = Sonication time (min) 2 6

Dependent variables
Y1 = Vesicles size(nm)

Y2 = PDI
Y3 = Entrapment (%)

3.2.3. Characterization
Vesicles Size and Poly Dispersity Index (PdI)

The vesicle size and PDI of P-Ns-Opt were measured using a Malvern zeta sizer
(Zeta sizer, Malvern Instruments Ltd., Malvern, UK). Using Milli-Q water, analysis was
performed on samples that had been diluted up to 50 times while keeping the system’s
temperature at 25 ◦C and the scattering angle at 90◦.

Assessment of Entrapment Efficiency

Utilizing the ultra-centrifugation method, the % entrapment efficiency was evalu-
ated [12]. The centrifuge (Remi cooling centrifuge, Mumbai) was used to centrifuge a
plumbagin-loaded niosome sample at a specified concentration for one hour at 4 ◦C. After
appropriate dilution, the obtained supernatant was examined to determine the presence of
free drugs, and quantification was carried out using the formula below.

Entrapment Efficiency = A1 − A2/A1 × 100,
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where A1 is the plumbagin concentration utilized in the loaded niosomes, and A2 is the
plumbagin concentration assumed to be present in the supernatant.

Thermal Analysis

DSC (Perkin Elmer, Pyris 6 DSC, Shelton, CT, USA) was carried out for plumbagin and
lyophilized optimized P-Ns-Opt to validate the entrapment and type of drug [13]. A tiny
amount of the sample was placed in an enclosed in an aluminum pan. The instrument’s
temperature was set in arrange 40 to 400 ◦C. The rate of nitrogen flow was regulated
at 60 mL/min while the heating rate increased by 10 ◦C/min. Mannitol was added as
a cryoprotectant at a concentration of 5%, before the formulation was freeze-dried to
enable lyophilization.

FTIR Analysis

The spectra of the prepared plumbagin niosomes and the individual plumbagin were
obtained using an FTIR spectrophotometer (Perkin Elmer-spectrum RX-I, Lamba, Shelton,
CT, USA) based on the KBr disc method under the influence of a hydraulic press employing
600 kg/cm2 pressure. FTIR was utilized to examine sample structural characteristics,
drug-ingredient interactions, and compatibility [14].

Transmission Electron Microscopy

The morphology of the P-Ns-Opt sample was investigated via transmission electron
microscopy (JEOL; 120CX Microscope, Tokyo, Japan) [15].The dispersion was applied to a
copper grid with carbon coating and allowed to attach to the carbon substrate for 1 min.
Further, niosomes were stained with a drop of 1% phosphotungstic acid and placed on the
grid, dried, scanned, and photographed, before being stored.

In Vitro Drug Release

The Franz diffusion cell was used to carry out the drug release investigation, and
a (pre-treated) dialysis membrane was used. The donor and receiver chambers were
then positioned on either side of the active membrane. The recipient chamber contained
phosphate-buffered saline (PBS) with a pH of 5.5, was maintained at room temperature,
and swirled at 100 rpm for 24 h [16]. P-Ns-Opt and plumbagin suspension (1 mg/mL) were
placed in the donor compartments. At pre-determined intervals of 1, 2, 4, 6, 8, 12, and 24 h,
1-millilitersamples were taken. To equalize the sink conditions, fresh release medium was
again simultaneously put in the receiver compartment. Using UV spectroscopy and the
proper dilutions, the removed sample was further evaluated to determine drug presence.

%CDR = Conc. × DF × Vol. of release media/Amount of drug added × 100

where DF is the dilution factor, and Conc. is the drug concentration achieved at a certain
time interval. Time vs. cumulative drug release % was shown on the X and Y axes of a
release profile graph.

Different kinetic models, such as the Korsmeyer–Peppas, Higuchi, zero-order, and
first-order models were used to study the drug release data derived from the P-Ns-Opt. The
model with a value of R2 nearer to 1 was selected as the model best suited to drug release.

DPPH Assay

The approach outlined, followed by with a few minor modifications, was used to
estimate the DPPH’s radical scavenging capacities [17]. Various dilutions of plumbagin
and P-Ns-Opt sample were combined with DPPH solution and left at 37 ± 0.5 ◦C for 1 h
(the time needed for reactions to maintain a plateau). To prepare a blank solution, methanol
and DPPH were added to the control solution, sample, and DPPH solution. Ascorbic acid
was used as a standard for the study. Then, its absorbance was evaluated at 517 nm. The
DPPH antioxidant action was determined as a % of DPPH inhibition.
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Inhibition of α-Amylase Activity

The starch was utilized as the substrate to analyze the inhibition of α-amylase activity
using a protocol that was slightly modified [18]. Various concentrations of P and P-Ns-Opt
(50 to 250 µg/mL) were prepared, and 500 µL of sodium phosphate buffer (0.02 M) with
sodium chloride (6 mM) was added separately, before being stored at room temperature
for 20 min. Test tubes were filled with each sample and the amylase solution, which were
then incubated for 10 min at 25 ◦C. Following incubation, starch solution was added and
incubated at 25 ◦C for an additional 10 min. Dinitrosalicylic acid (DNSA) color reagent was
added to the reaction to stop it and further incubated via a boiling water bath at 100 ◦C
for five minutes. After allowing the reaction mixture to reach room temperature, 3 mL of
double-distilled water was added.

The absorbance was then measured at 540 nm via a microplate reader set to 25 ◦C
using a 200-microliter aliquot of the reaction mixture. Each well had a blank reading (the
addition of buffer to replace the enzyme) removed. The maltose equivalents emitted from
starch at 540 nm were used to measure the enzyme activity. The same methodology was
utilized to assess an artificial α-amylase inhibitor (acarbose), which served as a standard.
The α-amylase inhibition percentage was calculated using the formula given below:

Percentage of inhibition = [(Ac − As)/Ac] × 100

where Ac = absorbance of the controls, and As = absorbance of the sample.

Inhibition of α-Glucosidase Activity

50 µL of plumbagin and P-Ns-Opt were made at various concentrations and then
stored for 20 min at room temperature with 10 mL of α-glucosidase (maltase) and 125 mL
of 0.1-molarity phosphate buffer (pH 6.8) [19]. Next, 20 µL of 1-molarity 4-Nitrophenyl-D-
glucopyranoside was mixed to begin the reaction, which was then incubated for 30 min.
The reaction was stopped by adding 50 µL of 0.1-newton Na2CO3. In order to determine
the optical density, a spectrophotometer was used at 405 nm. Acarbose served as a standard.
All tests were conducted in triplicate.

The inhibition percentage of P-Ns-Opt was estimated using the following formula:

Percentage of inhibition = [(Ac − As)/Ac] × 100

where Ac = absorbance of the controls, and As = absorbance of the sample.

Stability Study

The stability of the optimized P-Ns-Opt was evaluated while the formulation samples
were kept at 25 ◦C and 4 ◦C for an 8-week period [20]. Samples were obtained at 0, 4, and
8 weeks to determine particle size and EE%, which were used as the stability parameters.

4. Conclusions

Plumbagin has the capacity to heal wounds, as well as having anti-diabetic, anti-
inflammatory, anti-cancer, and immunosuppressive effects. Plumbagin has penetration-
related issues due to the size of vesicles, solubility, and bioavailability. Such issues may be
mitigated by developing nano-formulations, boosting bioavailability, including therapeutic
activity, etc.

Niosomes are one drug delivery system which has the efficiency to carry the drug
through various routes, like ophthalmic, nasal, parenteral, transdermal, and oral routes. A
niosome is known as a “drug depot” because it has the potential to transfer the drug in
a controlled or sustained manner to the targeted site. The improved version of a loaded
drugs is enclosed in niosomes by enhancing solubility and biocompatibility. Niosomes
have hydrophilic, amphiphilic, and lipophilic properties. So, diverse drugs with broad
levels of solubility can be accommodated via the structure of a niosome. This fact is
the reason that drugs loaded in niosomes can pass through the stomach without being
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degraded by the acid present in the stomach. Another problem with conventional drugs
involves penetration through the intestine and reaching the bloodstream. Niosomes have
the capability to enhance the bioavailability of loaded drugs and promote their efficiency.
Niosomes are composed of nonionic surfactants and cholesterol. Cholesterol is the carrier
of the lipophilic and amphiphilic drugs. Cholesterol prepares the bilayer system, which
is rigid, helps to maintain stability, and results in less leaky and larger-sized niosomes.
Meanwhile, the surfactant’s HLB value shows an effect on the vesicle size. The higher the
HLB value, the higher the surface energy, which will lead to a large vesicle size (higher
hydrophilicity due to the higher uptake of water).

In this investigation, we have formulated P-Ns-Opt that improved in vitro perfor-
mance related to diabetes. The optimized formulation generated vesicles with diameters of
133.6 nm, a PDI of 0.150, an entrapment efficiency of 75.6%, and a drug release of 93.04%.
P-Ns-Opt’s vesicle morphology was discovered to be in the appropriate spherical form.
The complete entrapment of plumbagin in niosomes was validated via thermal analysis
data, and excipient compatibility was established based on the absence of chemical reaction
among the excipients of niosomes and plumbagin. The improved formulation, known as
P-Ns-Opt, showed intense release at first, but thereafter showed sluggish drug release in
the in vitro drug release assessment. The Korsmeyer–Peppas, Higuchi, zero-order, and
first-order models were among those examined. Additionally, P-Ns-Opt’s antioxidant
activity was found to be 60.68 ± 0.02%, which was comparable to those of ascorbic acid
(77.86 ± 0.03%) and plumbagin (49.59 ± 0.06). The in vitro antidiabetic activity (α-amylase)
was analyzed, and P-Ns-Opt (90.69 ± 2.9%) demonstrated improved results as compared
to plumbagin (83.64 ± 3.5%). Similarly, α-glucosidase assay was performed, and P-Ns-Opt
displayed an 88.43 ± 0.89% inhibition percentage compared to plumbagin, i.e., 81.07 ± 1.2%,
indicating that the developed formulation could effectively treat and manage diabetes.

The current study shows that the QbD technique may be used to manufacture plumbagin-
loaded niosomes. BBD with a solvent evaporation procedure was applied to prepare and
optimize the formulation. The expected and observed values were in agreement. The generated
P-Ns-opts’ particle sizes will be suitable for oral administration. DSC and FTIR studies demon-
strated that the produced P-Ns-opt contained plumbagin while preserving the formulation. The
improved P-Ns-opt demonstrated good stability and sustained release. A dose-dependent in-
hibitory impact was also seen in antioxidant activity, in vitroα-amylase andα-glucosidase study.
This study represents the first report of P-Ns-Opt formulation that investigated antioxidant and
in vitro antidiabetic activity. In conclusion, it was determined that plumbagin-loaded niosomes
are a more effective form of delivery of plumbagin and a better strategy for managing diabetes
mellitus. Further studies using experimental animal models will facilitate the utilization of this
formulation as a potent antidiabetic therapeutic agent.
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Abstract: Resistance to isoniazid (INH) is common and increases the possibility of acquiring multidrug-
resistant tuberculosis. For this study, isoniazid-loaded nanostructured lipid carriers (INH-NLCs)
were developed and effectively functionalized with mannose (Man) to enhance the residence time of
the drug within the lungs via specific delivery and increase the therapeutic efficacy of the formula-
tion. The mannose-functionalized isoniazid-loaded nanostructured lipid carrier (Man-INH-NLC)
formulation was evaluated with respect to various formulation parameters, namely, encapsulation
efficiency (EE), drug loading (DL), average particle size (PS), zeta potential (ZP), polydispersity index
(PDI), in vitro drug release (DR), and release kinetics. The in vitro inhalation behavior of the devel-
oped formulation after nebulization was investigated using an Andersen cascade impactor via the
estimation of the mass median aerosolized diameter (MMAD) and geometric aerodynamic diameter
(GAD) and subsequently found to be suitable for effective lung delivery. An in vivo pharmacokinetic
study was carried out in a guinea pig animal model, and it was demonstrated that Man-INH-NLC
has a longer residence time in the lungs with improved pharmacokinetics when compared with
unfunctionalized INH-NLC, indicating the enhanced therapeutic efficacy of the Man-INH-NLC for-
mulation. Histopathological analysis led us to determine that the extent of tissue damage was more
severe in the case of the pure drug solution of isoniazid compared to the Man-INH-NLC formulation
after nebulization. Thus, the nebulization of Man-INH-NLC was found to be safe, forming a sound
basis for enhancing the therapeutic efficacy of the drug for improved management in the treatment
of pulmonary tuberculosis.

Keywords: isoniazid; nanostructured lipid carriers; in vivo pharmacokinetics; drug release profile;
histopathological toxicity; mannosylation

1. Introduction

Tuberculosis is widely spread pandemic disease caused by the bacteria Mycobacterium
tuberculosis, and it remains a common cause of death despite the availability of effective
treatment [1,2]. The major drawback of the current drug treatments is the emergence of
resistance, i.e., extensive drug-resistant (XDR) tuberculosis and multidrug-resistant (MDR)
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tuberculosis [3]. This occurs due to high doses and long-term treatment plans that trigger
the natural process of spontaneous chromosomal mutations in mycobacteria linked to
inadequate treatment outcomes, post-treatment relapse, and death [4,5]. To eradicate this
life-threatening disease, drug doses and dosing frequencies must be considerably reduced
to reduce resistance and increase the effectiveness of treatments [6,7].

Isoniazid is the safest first-line antitubercular drug, and it acts by suppressing mycolic
acid synthesis (a basic unit of the bacterial cell wall) [8]. It comes under BCS class III (high
solubility and limited permeability). It is rapidly absorbed and achieves peak plasma
concentration within 1–3 h post-oral administration [9]. It has a very short half-life of
1–2 h and requires frequent dosing. The recommended dose for isoniazid ranges from 5
to 10 mg/kg/day. Although, a higher dose (up to 25 mg/kg/day) can also be prescribed
in severe cases [10]. The bacteria quickly become resistant to INH due to patient non-
adherence, which has hampered the effectiveness of the drug [11]. So, there is a need
to redevelop the conventional formulations of isoniazid with an emphasis on targeting
efficiency, decreasing dosage and dosing frequency, and increasing the therapeutic efficacy
of treatment [12].

Passive and active targeting approaches are widely used to achieve targeted therapeu-
tic delivery to the lungs for the successful treatment of tuberculosis [13]. Passive targeting
can be achieved by maintaining an optimal mean particle diameter of 200 to 600 nm to
deposit the particles deep into the lungs [14,15]. Active targeting can be achieved via
mannose functionalization of the formulation as it is more capable of delivering a high drug
payload to the target site and increasing the mean residence time in the lungs compared to
conventional dosage forms [16–21].

Nanostructured lipid carriers have been exploited as drug delivery carriers and are
enhanced versions of the solid lipid nanoparticles employed in the development of lipid
nanocarrier formulations [22,23]. The inclusion of liquid lipids in the formation of nanos-
tructured lipid carriers is crucial as it significantly enhances the properties of the formu-
lation [24]. NLCs are advantageous as they are capable of overcoming the limitations of
solid lipid nanoparticles, such as the poor drug loading of hydrophilic drugs, low phys-
ical stability, and degradation of the loaded bio-actives, and provide high drug loading
capacity [25,26]. NLCs can incorporate both hydrophilic and lipophilic drugs, providing
a sustained release effect with high in vivo tolerance and facilitating administration via
various routes [27].

This work aimed to formulate isoniazid-loaded nanostructured lipid carriers using
solid lipids, such as compritol 888 (COMP) and octadecyl amine (ODA); a liquid lipid,
namely, linoleic acid (LA); and surfactants, namely, tween 80 and poloxamer 40. This
formulation was functionalized using D-mannose to enhance the specificity and delivery
of the nanocarrier formulation deep into the lungs. The developed Man-INH-NLC for-
mulation was characterized for encapsulation efficiency, drug loading, average particle
size, polydispersity index, and zeta potential. In vitro drug release was estimated for
both INH-NLC and Man-INH-NLC in a suitable medium at different pH to simulate the
different parts of the lungs. Surface morphology was observed via TEM photomicrographs.
The in vitro behavior of the nebulized mist was also investigated by estimating the mass
median aerosolized diameter and geometric aerodynamic diameter, output efficiency (OE),
and respirable fraction (RF). Furthermore, an in vivo pharmacokinetic and bioavailability
assessment was carried out using a guinea pig animal model. Histopathological studies
were also conducted, and hepatotoxicity was investigated by assessing the toxicity of
the formulation.

2. Results and Discussion
2.1. Investigation of Mannose-Functionalized NLC

The INH-NLC formulation was functionalized with mannose for specific delivery
into the lungs. For this purpose, the mannose ring opening phenomenon was used. The
acidic environment provided by the acetate buffer results in the opening of the mannose
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ring. A Schiff’s base (–N=CH–) was formed due to the interaction between the aldehydic
group of D-mannose and the octadecylamine amino group of the INH-NLC formulation.
Figure 1 shows a characteristic absorption band of the aldehydic -C(H)=O mannose group
at around 2850.11 cm−1, whereas the absorption band at 3351.17 cm−1 represents the -NH2
group of octadecylamine in the spectrum of INH-NLC formulation. An interaction between
these two groups resulted in the constitution of Schiff’s base, which was confirmed by
an absorption band at around 1639.86 cm−1 in the FT-IR spectra of the Man-INH-NLC
formulation. These observations were similar to that reported in the research work of
Pinheiro M. et al., 2016 [28].
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Figure 1. FT-IR spectra of INH–NLC and Man–INH–NLC for the detection of Schiff base (–N=CH–).

2.2. Encapsulation Efficiency and Drug Loading

The INH-NLC and Man-INH-NLC formulations were analyzed for EE and DL and
found to be decreased insignificantly (p > 0.05) for Man-INH-NLC compared to INH-NLC
(Table 1). This might be due to the diffusion of some surface-adsorbed drugs in a buffer
medium during the process of mannosylation. This finding is consistent with earlier
research [29].

Table 1. Investigation of INH-NLC and Man-INH-NLC formulations for %EE and %DL.

S. No. Formulation Encapsulation Efficiency (%EE) Drug Loading (%DL)

1. INH-NLC 82.09 ± 3.60 ** 18.39 ± 0.81 **

2. Man-INH-NLC 79.71 ± 1.65 ** 17.86 ± 0.37 **
** p > 0.05. (One-way ANOVA, post-Dunnet test). Values are expressed as mean ± SD; n = 3.

2.3. Average Particle Size, Polydispersity Index, and Zeta Potential Measurements

The average particle size of INH-NLC and Man-INH-NLC formulations are pre-
sented in Table 2. The Mannosylation process resulted in a substantial increase in particle
size due to mannose functionalization on the surface of INH-NL [30]. For effective pas-
sive targeting, the particle size should be in the range of 200 to 600 nm. The mannose-
functionalized NLCs that have a mean diameter of 273 nm and are administered through
the pulmonary route are likely to reach the deeper region of the lungs [14]. The PDI values
for the INH-NLC and Man-INH-NLC formulations were estimated to be 0.289 ± 0.04 and
0.223 ± 0.02, respectively. A PDI value below 0.3 indicated the uniform dispersion of the
particles (monodisperse) within the formulation. The INH-NLC formulation showed a
positive zeta potential due to the positive amine group of octadecylamine. A significant
decrease in zeta potential was observed for Man-INH-NLC after the process of manno-
sylation. This is because positively charged amine groups of octadecylamine reacted
with the aldehyde group of D-mannose and caused shielding of the positive charge. This
strongly suggests the successful mannosylation of the Man-INH-NLC formulation. Also,
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the positive charge of the mannosylated formulation enhances the cell internalization and
intracellular accumulation of the drug within the infected cells, leading to an improvement
in the anti-bacterial function of the drug [31,32]. Moreover, Man-INH-NLC was regarded
as physically stable due to its steric stabilization and electrostatic repulsions between
particles [33].

Table 2. Characterization of INH-NLC and Man-INH-NLC formulations in terms of average PS, PDI,
and ZP.

S. No. Formulation Particle Size Analysis (nm) The Polydispersity Index (PDI) Zeta Potential (mV)

1. INH-NLC 247.6 ± 4.05 0.289 ± 0.04 +42.48 ± 1.86

2. Man-INH-NLC 273.4 ± 8.24 0.223 ± 0.02 +24.18 ± 2.26

Values are expressed as mean ± SD; n = 3.

2.4. In Vitro Drug Release Analysis

The in vitro drug release from Man-INH-NLC was evaluated at different pH condi-
tions of phosphate-buffered saline and compared with unfunctionalized INH-NLC, and
the results are shown in Figure 2. It was observed that drug release from Man-INH-NLC
(72.35 ± 1.09%) is slower compared to INH-NLC (78.11 ± 1.27%) in phosphate-buffered
saline pH 7.4. Drug release was also analyzed at other pH levels (PBS pH 6.2 and 5.0) to
simulate the behavior of the nanocarrier formulations in different parts of the lungs, and
drug release was found to be slightly slower for Man-INH-NLC compared to INH-NLC.
This could be a result of the extra outer coating of mannose around nanocarriers, which acts
as a barrier, significantly slowing the release of the drug. The drug release from Man-INH-
NLC had slight differences at all pH values and was comparable to the others, as shown in
Figure 2A. A similar kind of effect can be seen in Figure 2B for the INH-NLC formulation.
This led us to conclude that the drug release of both formulations was independent of the
pH values and that both could be suitable drug carriers for pulmonary administration.
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Figure 2. In vitro drug release studies of Man-INH-NLC (A) and INH-NLC (B) at pH 7.4 for lung
fluid, pH 6.2 for phagosomes, and pH 5.0 for phagolysosomes (all the values are expressed as
mean ± SD; n = 3).

2.5. In Vitro Release Kinetics

The behavior of drug release from the nanocarrier formulation was examined using
numerous mathematical models. For INH-NLC and Man-INH-NLC, the plots of log time
versus log percent drug release were shown to be linear, with the highest correlation
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coefficients being 0.9661 and 0.9717, respectively (Table 3). The %DR for both INH-NLC
and Man-INH-NLC was determined according to the Korsmeyer–Peppas model, and it
was found that the drug was released by a non-Fickian diffusion-controlled mechanism
with n values of 0.8086 and 0.8788, respectively [34].

Table 3. Correlation coefficient (r2) of various kinetic drug release models for different formulations.

S. No. Formulation Zero-Order First-Order Higuchi’s Square Root Model Korsmeyer–Peppas Model

1 INH-NLC 0.739 0.739 0.9019 0.9661

2 Man-INH-NLC 0.7881 0.7881 0.9298 0.9717

2.6. Transmission Electron Microscopy

TEM images of both INH-NLC and Man-INH-NLC showed spherical particles with
uniform shapes and smooth surfaces. The coating around the INH-NLC nanocarriers can be
seen in Figure 3B. The nanometric size of INH-NLC was increased after mannosylation. No
evidence of particle agglomeration was found. As can be observed below, the morphologies
of both the INH-NLC (Figure 3A) and Man-INH-NLC (Figure 3B) formulations are identical,
showing that mannosylation does not affect particle shape and surface.
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2.7. In Vitro Evaluation of Inhalation Behavior of Nebulized Mist

The Anderson cascade impactor was utilized to evaluate the in vitro inhalation prop-
erties of the mist formed from NLC dispersion produced by the nebulizer [35]. MMAD
represents the value below which 50% of the particles are present in the respirable range. As
per WHO guidelines, MMAD should be below 5.5 µm. MMAD of 2.3 ± 1.1 µm showed that
50% of the particles of the nebulized mist of the Man-INH-NLC dispersion were below the
size of 2.3 ± 1.1 µm. GSD refers to the geographic mean of all aerosolized particles, which
should be below 2.3 µm. A GSD value of 1.9 ± 0.2 µm showed that the geographic mean of
all aerosolized particles was 1.9 ± 0.2 µm. The output efficiency represents the efficiency
of the nebulizer in producing the mist of the nanoformulation, and it was found to be
95.24 ± 4.56%. Respirable fractions represent the inhalation characteristics of the formula-
tion and provide the concentration of the formulation that reaches the lungs. The respirable
fraction was found to be 87.33 ± 6.09% for the nebulizer. This study proved that the air
jet nebulizer has high efficiency, provides good inhalation characteristics, and is suitable
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for the passive targeting of the Man-INH-NLC formulation. These values indicated the
efficient delivery of nanocarrier-encapsulated drugs into deeper pulmonary regions [36].

2.8. In Vivo Pharmacokinetic Analysis

Pharmacokinetic parameters were analyzed for a comparative bioavailability assess-
ment of the developed formulation. The results stated that, after a single nebulization,
a very small amount of the drug was detected in the plasma for 4 h in the case of Man-
INH-NLC formulation and 2 h in the case of the INH-NLC formulation, indicating its slow
initial absorption (Figure 4). The delayed appearance of the drug in the blood was more
notable for the Man-INH-NLC formulation in comparison to the INH-NLC formulation.
The reason behind this is the effective coating of mannose and their affinity for mannose
receptors, which increase the drug residence time in the lungs. The Man-INH-NLC and
INH-NLC formulations remained in the therapeutic range for 48 h and 24 h, respectively.
The longer stay of Man-INH-NLC is due to the encapsulation of the hydrophilic drug
into a lipophilic matrix, and the additional mannose coating over it represents the greater
sustained release effect of the drug compared to INH-NLC. In contrast, a relatively shorter
stay of the parent drug in the lungs was observed after nebulization. The drug started to
appear in plasma after one hour of pulmonary administration due to its highly hydrophilic
nature and the non-availability of lipid encapsulation. The drug was not detected in the
plasma as it was quickly eliminated from the blood after 12 h of nebulization due to very
short t1/2.
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The pharmacokinetic parameters of isoniazid are given in Table 4. Cmax represents
the maximum drug concentration that usually reaches the plasma after its administration,
whereas Tmax is the time taken to achieve Cmax within the same. Man-INH-NLC gives
rise to a shorter peak plasma concentration (Cmax) and takes a longer time to achieve it
(Tmax). Among the pulmonary administered formulations, the highest Cmax (p < 0.05) was
observed for the pure drug solution, followed by the INH-NLC formulation and, lastly,
the Man-INH-NLC formulation, which resulted in the sustained release of the formulation
due to its lipophilic nature. Additionally, the maximum Cmax (p < 0.05) was found for the
intravenously administered pure drug solution, followed by the orally administered pure
drug solution, and the former gets quickly eliminated from the body. Kel represents the
rate at which a drug is removed from the human system. A low elimination rate value (Kel)
represented the extended t1/2 of any formulation. Man-INH-NLC has a slower elimination
rate compared to INH-NLC. Mean residence time (MRT) indicated the average time taken
by a drug to reside in the body. The MRT of the INH-NLC and Man-INH-NLC formulations
experienced significant three-fold and seven-fold increases, respectively, when compared
with the nebulized pure drug solution and four-fold and eleven-fold when compared to
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the orally administered parent drug solution. The highest AUC0–∞ value was found for
the Man-INH-NLC formulation, followed by the INH-NLC, which affected both relative
and absolute bioavailability. Relative bioavailability (compared to oral) after nebulization
increased four- and five-fold for INH-NLC and Man-INH-NLC, respectively. Absolute
bioavailability (compared to i.v.) also increased by nearly two- and three-fold for INH-NLC
and Man-INH-NLC, respectively.

Table 4. Salient pharmacokinetic parameters of isoniazid following a single nebulization of Man-
INH-NLC compared with a free drug.

Formulations Cmax, mg/L Tmax,
Hour Kel t1/2, Hour MRT, Hour AUC0–∞

(mg.h/L)

Relative
Bioavailabil-
ity

Absolute
Bioavailabil-
ity

Pure drug
solution,
Oral

4.08 ± 0.42 1 0.16 ± 0.01 4.25 ± 0.34 4.87 ± 0.2 22.65 ± 2.55 1 0.49

Pure drug
solution, IV 22.04 ± 2.21 0.25 0.66 ± 0.19 1.12 ± 0.3 ** 1.88 ± 0.14 45.87 ± 3.97 ns 1

Pure drug
solution,
Nebulized

7.46 ± 1.55 4 0.093 ± 0.04 ** 8.53 ± 3.33 ** 7.43 ± 3.11 ** 42.03 ± 9.70 1.86 0.92

INH-NLC,
Nebulized 5.51 ± 0.4 ** 8 0.027 ± 0.01 26.80 ± 6.39 18.81 ± 2.91 100.85 ± 3.83 4.45 2.10

Man-INH-
NLC,
Nebulized

2.72 ± 0.24 ** 24 −0.0174 ± 0.001 40.06 ± 3.78 51.11 ± 2.46 118.61 ± 8.28 5.24 2.89

** p > 0.05. (One-way ANOVA, post-Dunnet with respect to the oral-free drug). Values are expressed as
mean ± SD; n = 6; ns— not significant.

In vivo pharmacokinetic parameters bear important therapeutic implications and
proved improved drug delivery with an enhanced residence time and improved pharma-
cokinetic profile with respect to the Man-INH-NLC formulation in the lungs as well as in
blood compared to the unfunctionalized INH-NLC formulation and the pure drug solutions
administered via oral and intravenous routes. This provided a better way to increase the
therapeutic effect of isoniazid in the management of tuberculosis treatment [37].

2.9. Histological Evaluation

Histological analysis was carried out at high doses of isoniazid (40 mg/kg/day)
and administered in different formulations via a different route of administration. The
evaluation was carried out for any kind of allergic reaction and toxicity to the lungs and
other body organs after repeated administration for a long time. Figure 5A–D show the
untreated (control) lung, liver, brain, and kidney tissues of the experimental animals,
respectively. After 4 weeks of the daily nebulization of the Man-INH-NLC and blank
Man-NLC formulations, some minor changes were observed in the alveolar area of the
lungs, which were not toxic when compared to the untreated control. The interalveolar
spaces and interalveolar septum of the lungs were found to be normal for both formulations
after nebulization (Figure 5E,I). No kind of inflammation or degenerative changes were
observed in the liver (Figure 5F,J) and brain (Figure 5G,K), resulting in its safe use. After
the nebulization of the pure drug solutions, the lungs of the treated animals showed
edema in alveolar spaces (Figure 5M). Mild changes in hepatocytes and low-grade central
congestion were observed in the liver of the animals compared to the group receiving
Man-INH-NLC (Figure 5N). No kind of histological changes were found in any part of the
brain among the treated animals (Figure 5O). Animals receiving a pure drug solution via
nebulization showed higher inflammation in their lungs than those treated with pure drug
solutions administered intravenously (Figure 5Q). Metabolic changes and an increased
concentration of glial cells resulted in increased inflammation being observable in the
liver and brain, respectively. (Figure 5R,S). In the case of the orally administered pure
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drug solution, thickening of the interalveolar septum and vascular degeneration to a small
extent were found in the lungs and liver, respectively (Figure 5U,V), whereas a degenerated
nucleus was found in the cerebrum of the brain of the treated animals (Figure 5W). No
kind of changes or signs of toxicity were observed in the kidneys for all of the formulations
administered via a different route of administration. Glomerular filtration and glomerular
tubule appeared normal. The solution responsible for causing the most toxicity to the
liver and brain was found to be the orally administered pure drug solution, while the
nebulized pure drug solution facilitated large toxicity in the lungs in contrast to other
organs. It was concluded that treatment with a high dose of blank mannosylated nanocarrier
formulation (Man-COMP-NLC) and a drug-loaded mannosylated nanocarrier formulation
(Man-INH-NLC) via nebulization appeared to be well tolerated by the animals, having
been found safe during the entire period of study. No toxicity was observed for the
blank Man-NLC and Man-INH-NLC formulations due to the encapsulation of the drug
in biocompatible/physiological lipids and the provision of a sustained release effect for a
large duration of time.
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Figure 5. Histology of different organs (i.e., lung, liver, brain, and kidney) in each group of animals
(guinea pig; n = 6) receiving different treatments viz. Untreated (A–D), Man-INH-NLC, Nebulized
(E–H), Blank Man-NLC, Nebulized (I–L), Pure drug solution, Nebulized (M–P), Pure drug solu-
tion, Intravenous (Q–T), Pure drug solution, Oral (U–X). The generation of the images shown was
facilitated by using a light microscope at 10× magnification.

2.10. Hepatotoxic and Nephrotoxic Evaluation

The parameters for hepato- and nephrotoxicity in serum were evaluated with respect
to normal functioning of the liver and kidney, respectively. ALT/ALP/AST were used as
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indicators of liver function tests, and urea/creatinine/bilirubin were used as markers of
kidney function tests. An increase in these parameters beyond normal values indicated
the presence of toxicity or an allergic reaction in the respective organs. An evaluation of
hepatotoxicity and nephrotoxicity was carried out for Man-INH-NLC, blank Man-NLC,
and the pure drug solutions administered via different routes of administration, and the
results are shown in Table 5. The results indicated a remarkable increase (p < 0.05) in
serum ALT, ALP, and AST levels upon the administration of high doses of the pure drug
solutions administered via oral, intravenous, and pulmonary routes in comparison with
the untreated control group. Significant (p < 0.05) increases in serum ALT (38.64, 103.77,
97.06 IU/L), ALP (153.51, 379.99, 371.66 IU/L), and AST (34.71, 96.52, 103.68 IU/L) activities
were found upon the administration of the pure drug solutions administered via the oral,
intravenous, and pulmonary routes, respectively, indicating that a pure drug solution of
isoniazid induces damage to hepatic cells possibly because the free drug was exposed to
liver cells without any shielding effect to non-target cells, thereby leading to more toxic
action. The administration of blank Man-NLC and Man-INH-NLC resulted in a slight
increase of ALT, ALP, and AST to 39.78, 193.64, and 49.13 IU/L, respectively, which was
found to be within the normal limits compared to the untreated control group because of
the encapsulation of the drug in the biocompatible lipids and its sustained drug release
effect from the lipid matrix. Furthermore, both blank and isoniazid-encapsulated Man-
INH-NLC administered via the pulmonary route led to a slight increase in urea, bilirubin,
and creatinine levels within normal ranges in serum compared to the untreated control.
This may be due to the fact that the drug is directly targeted to the lungs, meaning that
the drug’s access to the kidney was minimal. A moderate increase in the same parameters
was found in the case of pure drug solutions administered via the oral, intravenous, and
pulmonary routes, and this increase was found to be within the normal ranges. These
results indicate that both the pure isoniazid drug solution and the drug encapsulated in the
lipid nanocarrier formulation had no harmful effect on the kidney and failed to induce any
toxic effects in kidney cells. These results are in close agreement with the results obtained
in the histological studies and point towards the safety of administering Man-INH-NLC
through the pulmonary route using a nebulizer.

Table 5. Hepatotoxic and nephrotoxic evaluation in animals treated with a pure drug solution, blank
Man-NLC, and Man-INH-NLC.

Formulation
Code

Liver Function Test Kidney Function Test

ALT
(IU/L)

ALP
(IU/L)

AST
(IU/L)

Urea
(mg/dL)

Bilirubin
(mg/dL)

Creatinine
(mg/dL)

Untreated
control 38.64 ± 5.33 153.51 ± 10.29 34.71 ± 3.62 15.17 ± 1.36 0.39 ± 0.07 1.13 ± 0.09

The oral, pure
drug solution 103.77 ± 7.21 379.99 ± 13.47 96.52 ± 10.72 25.63 ± 2.68 0.62 ± 0.16 1.65 ± 0.10

IV, the pure
drug solution 97.058 ± 5.64 371.66 ± 14.75 103.68 ± 3.38 27.69 ± 3.36 0.68 ± 0.15 1.75 ± 0.13

The nebulized,
pure drug
solution

98.47 ± 8.61 359.25 ± 5.73 87.27 ± 7.39 23.71 ± 2.91 0.61 ± 0.17 2.01 ± 0.24

Nebulized,
blank

Man-NLC
53.64 ± 2.81 ** 171.12 ± 10.75 42.77 ± 7.87 16.43 ± 1.13 ** 0.48 ± 0.03 ** 1.25 ± 0.12 **

Nebulized,
Man-INH-NLC 39.78 ± 6.26 193.64 ± 5.81 49.13 ± 9.44 ** 18.98 ± 0.67 0.43 ± 0.09 ** 1.31 ± 0.12

Values are expressed as mean ± SD; n = 6. ** represents p > 0.05 (one-way ANOVA, post Dunnet) with respect to
the untreated control. The normal ranges in guinea pigs—ALT: 10 to 90 IU/L; ALP: 80 to 350 IU/L; AST: 10 to 90;
urea: 9 to 32 mg/dL; total bilirubin: 0.3 to 1.0 mg/dL; creatinine: 0.6 to 2.2 mg/dL.
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3. Materials and Methods
3.1. Material and Components

Compritol 888 was procured as a gift sample from Gattefosse Pvt Ltd., Saint-Priest,
France. Other chemicals, namely, isoniazid, octadecylamine, linoleic acid, tween 80, and
poloxamer 407 were purchased from Merck, Burlington, MA, USA. All the chemicals and
analytical reagent (AR) were of analytical grade. Double distilled water was used for
all experiments.

3.2. Method of Preparation of NLC

The hot homogenization–ultrasonication technique was used to prepare the INH-
NLC formulation. The concentrations of all of the lipids and drugs were optimized in
our previous studies and used accordingly [38]. Briefly, all of the lipids (compritol-50.67
w/w, octadecyl amine-26.94 w/w, and linoleic acid-22.38 w/w), together with tween 80
(0.1 g), were heated to 80 ◦C under continuous stirring. The aqueous phase was constituted
separately using poloxamer 407 (1%) in double-distilled water and heated at an identical
temperature. This aqueous solution (1 mL) was used to dissolve the drug (INH- 239.82 mg),
and this lipid melt was subsequently subjected to homogenization at 18,000 rpm (Heidolph,
Schwabach, Germany) for 5 min to make w/o emulsion. A constant temperature was
maintained throughout the entire procedure. The dropwise addition of a surfactant solution
(aqueous phase) was carried out to obtain w/o/w emulsion and subjected to sonication by
employing a probe sonicator (Q55, Sonica Sonicators, New York, NY, USA) at an amplitude
of 80% for 5 min. This INH-NLC dispersion was subjected to cooling at room temperature
to facilitate nanosuspension.

3.3. Mannosylation of Nanostructured Lipid Carriers

The mannose functionalization of INH-NLC was accomplished using a previously
reported method with some modifications [17,39]. Firstly, a 50 Mm D-(+)-mannose solution
was prepared in acetate buffer pH 4.0 and added to the INH-NLC dispersion till the
concentration of octadecylamine remained at 0.02% w/v in the final INH-NLC dispersion.
Secondly, this dispersion was subjected to continuous and gentle stirring for 48 h to obtain
the completion of the reaction at room temperature. This dispersion was subjected to
70 ◦C temperature under vacuum to obtain a concentrated formulation. The removal of
free mannose was achieved by exhibiting the Man-INH-NLC under extensive dialysis
with double-distilled water for 45 min using an activated dialysis bag (molecular weight
cut-off 12–14 k Da, Hi-Media, Mumbi, India). The resulting nanocarriers were freshly
reconstituted in normal saline to facilitate nanosuspension [6]. The blank NLC formulation
was formulated similarly, without the addition of INH.

3.4. Fourier-Transform Infrared Spectroscopy

FTIR spectroscopy was carried out to confirm the mannose coating on the Man-INH-
NLC surface by analyzing the formation of Schiff’s base. FTIR analysis of INH-NLC and
Man-INH-NLC was performed via the KBr pellet method using an FTIR spectrophotometer
(Spectrum BX, Perkin Almer, New York, NY, USA). Analysis was carried out in a frequency
range ranging from 4500 cm−1 to 350 cm−1 at 4 cm−1 resolutions with a sample/KBr ratio
of 1:10 [40].

3.5. Encapsulation Efficiency and Drug Loading Analysis

A UV spectrophotometer (UV-1800, Shimadzu, Tokyo, Japan) was used to evaluate
the %EE and %DL of both INH-NLC and Man-INH-NLC at λmax 262 nm. Centrifugation
of NLC suspension was carried out at 18,000 rpm for 45 min at 4 ◦C to obtain the NLC
pellet. The NLC pellet was separated, and the below aqueous phase was subjected to a
suitable solvent extraction method to recover the drug. The obtained drug samples were
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sufficiently diluted with distilled water, filtered through 45 µm filter paper, and analyzed
for drug content [41].

Entrapment e f f iciency (%) =
Wi − W f

Wi
× 100 (1)

Drug Loading (%) =
Wi − W f

Wi − W f + Wt
× 100 (2)

where Wi = weight of drug added during NLC formation; Wf = weight of unentrapped
drug; Wt = total weight of all lipids and drugs added to the NLC formulation [42].

3.6. Average Particle Size, Polydispersity Index, and Zeta Potential Analysis

The particle sizes of both the INH-NLC and Man-INH-NLC formulations were ana-
lyzed using a Zeta sizer (Nano ZS®, Malvern, UK) at 25 ◦C with backscattered light at 90◦.
This gives the average particle size as a z-average, also known as the average hydrodynamic
diameter of a nanoformulation [43]. PDI represents the homogeneity of the dispersion,
and its value ranges from 0 to 1. Values approaching 0 indicate relatively homogenous
dispersion, while values larger than 0.5 indicate heterogeneous dispersion [44]. The zeta
potential (ZP) indicates particle surface charge, and the Helmholtz–Smoluchowski equation
was used to calculate particle electrophoretic mobility and convert it into zeta potential.
Multiple scattering effects were prevented by making suitable dilutions with deionized
water [45].

3.7. In Vitro Drug Release Analysis

The release of INH from both the INH-NLC and Man-INH-NLC formulations was
investigated via the dialysis bag approach using an activated dialysis tube in phosphate-
buffered saline (PBS) pH 7.4 for lung fluid, pH 6.2 for nasal fluid and phagosomes, and pH
5 for phagolysosomes to simulate the lung environment after pulmonary administration.
The NLC dispersion was equivalent to 5 mg of INH and put into a double-folding dialysis
bag that was carefully sealed on both sides and immersed in beakers carrying 250 mL of
dissolution media. The stirring rate was set to 200 rpm, and the temperature was kept
at 37 ± 0.5 ◦C. A parafilm was used to cover all the beakers to prevent solvent loss. The
samples (5 mL) were withdrawn at different time points (0.25, 0.5, 1, 2, 3, 4, 6, 8, 12,
and 24 h), and the same amount was substituted with fresh dissolution media after each
withdrawal to maintain the sink condition. The amounts of INH released were analyzed
spectrophotometrically [46].

3.8. In Vitro Drug Release Kinetics

Numerous release kinetic models (zero-order, first-order, Higuchi’s square root, and
Korsmeyer–Peppas) were employed to investigate the behavior of drug release from the
optimized formulation. The model with the best fit was determined based on which had
the highest correlation coefficient (R2). The n-value indicated the behavior of drug release
(n < 0.5 represents Fickian transport; n = 0.5 to 0.9 represents non-Fickian transport) in the
Korsmeyer–Peppas model [34].

3.9. Transmission Electron Microscopy

TEM analyses of the INH-NLC and Man-INH-NLC formulations were performed to
evaluate the particle sizes and internal morphologies of the formulations. A TEM instru-
ment (Tecnai G2 F20 U-TWIN, Beijing, China) was used to capture the photomicrographs
of the NLC formulation. A droplet of both INH-NLC and Man-INH-NLC dispersion was
put on a copper grid (Boston Industries, Inc., Walpole, MA, USA). Filter paper was used to
wipe off the excess droplets. After 60 s, uranyl acetate (2% w/v) was again put on the grid
and subjected to drying. These samples were inserted and evaluated using TEM imaging
analysis (TIA) software version 2 [47].
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3.10. In Vitro Evaluation of Inhalation Behavior of Nebulized Mist

The air-jet nebulizer (OMRON Healthcare Inc., Kyoto, Japan) was used to nebulize
the Man-INH-NLC dispersion, which was evaluated using an Andersen cascade impactor
(AN-200, TISCH Environmental Inc., New York, NY, USA) with a throat-connecting tube.
Cascade impactors may partially dry aqueous aerosol droplets due differences in tem-
perature between the nebulizer outlet and the body of the impactor, resulting in the
overestimation of the respirable fractions. So, the impactor was cooled for one hour before
use to reduce the evaporation of aqueous aerosol droplets and increase the efficiency of the
instrument [31]. A total of 5 mL of Man-INH-NLC dispersion was nebulized, and a vacuum
was created in the system with an air stream of 28.3 L/min for 30 min. After complete
nebulization, the formulation leftover in the nebulizer was measured. The NLCs deposited
on the 0 to 6 stages of the instrument were washed out with 0.01 M hydrochloric acid (100
mL). The solution was diluted accordingly with the same. Also, 10 mL of the resultant
solutions were centrifuged at 18,000 rpm for 45 min, and the aqueous phase was analyzed
for drug content spectrophotometrically. The output efficiency and respirable fraction were
established to express the spray and inhalation characteristics of the nebulizer (Equations
(3) and (4)). MMAD is the diameter of the aerosol below which half of the particles are
enclosed, and GSD is the geometric mean of all the aerosolized particles that were also
evaluated [36].

Output e f f iciency (%OE) =
INH loaded in the system − INH remained in the nebulizer

INH loaded into the system
× 100 (3)

Respirable f raction (%RF) =
INH deposited on stages 2 to 6

INH loaded into the system
× 100 (4)

3.11. Experimental Animal Model
3.11.1. Animals

Dunkin Hartley male guinea pigs (400–500 g) were acquired from Chaudhary Charan
Singh Haryana Agricultural University, Hisar, (India), and used for the present study. This
animal protocol was approved with the letter minutes of IAEC/2020/10-18/01 by the
Animal Ethics Committee of the institute, Guru Jambheshwar University of Science and
Technology, Hisar. The animals were housed as per CPCSEA guidelines and fed on green
vegetable-based diets, and water was supplied ad libitum. The animals were subjected to
fasting for 24 h before study [48].

3.11.2. Nebulization Conditions

An air jet nebulizer system (250 kPa pressure; airflow 5.5 L/min) was employed.
Treatments were given to the animals according to the protocol. The sterilized isotonic
solution was used to prepare a pure drug solution. The inhalable dose of NLC dispersion
was calculated based on the percent respirable fraction. The formulation was exposed for
3–4 min per animal using a nebulizer with the help of an appropriate face mask. A nebulizer
spacer was attached in between the nebulizer and face mask to keep the medicated mist
within the spacer for a sufficiently long time and prevent environmental loss. The animals
were exposed to NLC dispersion (2 mL) for 3–4 min/animal. Instead of the duration
of administration, the size of the dose was determined by the volume of sterile isotonic
solution used [49].

3.11.3. In Vivo Pharmacokinetic Analysis

The guinea pigs were divided into six groups, each with six animals: Group 1, INH-
NLC, administered via a nebulizer; Group 2, Man-INH-NLC, administered via a nebulizer;
Group 3, blank Man-NLC, administered via a nebulizer; Group 4, pure drug solution,
administered orally; Group 5, pure drug solution, administered intravenously (iv); Group
6: pure drug solution, administered via a nebulizer. An isoniazid dose equivalent to
10 mg/kg/day was used for this study. Upon drug administration, 0.5 mL of blood was

74



Pharmaceuticals 2023, 16, 1108

withdrawn at appropriate time points (0.25, 0.5, 1, 2, 4, 8, 12-, 24-, 48-, and 72-h) following
administration and collected in pre-heparinized microcentrifuge tubes. The whole blood
was centrifuged at 5000 rpm for 10 min at 4 ◦C; the supernatant plasma was separated
and stored at −20 ◦C until it was required for analysis. Drug content in the plasma was
analyzed using ultra-sensitive high-performance liquid chromatography (U-HPLC) [37].

Pharmacokinetic parameters were estimated by using the plasma concentration–time
isoniazid curve. Peak plasma concentration (Cmax) and the time taken to achieve Cmax (Tmax)
were estimated directly from this curve. The elimination rate constant (Kel) was estimated
via regression analysis and half-life elimination (t1/2) was derived using 0.693/Kel. The
trapezoidal method was used to estimate the area under the concentration–time curve
(AUC0–t). The terminal AUCt–∞ was obtained by dividing the last measurable plasma drug
concentration by Kel. The mean residence time (MRT) was estimated by dividing the area
under the moment curve (AUMC) by the area under the curve (AUC). Both relative and
absolute bioavailability were calculated using Equations (5) and (6) [50].

Absolute bioavailability =
AUC nebulizer

AUC i.v.
× Dose i.v.

Dose nebulizer
(5)

Relative bioavailability =
AUC nebulizer

AUC oral
× Dose oral

Dose nebulizer
(6)

3.12. Reverse-Phase High-Performance Liquid Chromatographic Condition

A previously reported simple, sensitive, and reliable RP-HPLC method was used
to evaluate isoniazid (INH) content in blood plasma [51]. The HPLC system (Nexera X2,
Shimadzu Corporation, Kyoto, Japan) consisted of a gradient pump, an online degasser, and
an ultraviolet DAD detector, and an autosampler was used. Chromatographic separation
was carried out using the reverse-phase column C-18 (250 mm × 4.6 mm; 3–5 µm particle
size). Nicotinamide was used as an internal standard. The mobile phase consisted of water
and methanol in an initial composition of 95:05 v/v at a flow rate of 1.5 mL/min for 12 min,
followed by a composition change to 20:80 v/v for 23 min. At 23 min composition was
again changed to the 95:05 v/v for 3 to 5 min before the next injection. The injection volume
used was 100 µL, and the estimation was carried out at 262 nm for both INH and NA.

3.13. Method Validation and Preparation of Calibration Curve

Stock solutions (1.00 mg/mL) of both the drug and internal standard were prepared
in water. Appropriate concentrations were prepared using different volumes of this stock
solution and diluting them with water. Calibration standards of 0.5, 1.0, 2.5, 5.0, 10.0, and
20.0 µg/mL of INH were constructed by adding 45 µL of the standard and 5 µL of the
internal standard solution to 150 µL of a blank plasma. Three quality control (QC) samples
of isoniazid were prepared using blank plasma: low (2.0 µg/mL), middle (5.0 µg/mL),
and high (12.0 µg/mL). The lower limit of quantification (LLOQ) and limit of detection
(LOD) were also calculated. LLOQ is the lowest concentration on the calibration curve
(estimated with an accuracy of above 80% with precision below 20%). LOQ is defined as a
signal-to-noise ratio (S/N) of 3:1.

3.14. Preparation of Plasma Samples

The plasma samples were prepared by adding 195 µL of plasma and 5 µL of internal
standard solution and subsequently thawed either fresh or at room temperature. After-
wards, 40 µL of acetonitrile, 160 µL of zinc sulfate (10% in water), and 5 µL of ammonia
(25%) were added separately and vortexed for 1 min after each addition. The samples were
centrifuged at 14,000 rpm for 15 min at 5 ◦C. The clear supernatants were stored at 5 ◦C,
and each sample was removed from the cooling system 5 min before injection. The samples
were then injected (100 µL) into the HPLC system.
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3.15. Histological Evaluation

For the histological studies, the Man-INH-NLC formulation was evaluated for any
kind of allergic reaction and toxicity to lung tissue. For this, the animals were divided
into six groups (n = 6), and a high dose of isoniazid (40 mg/kg/day) was administered to
each animal. The details of the groups were as follows: Group 1—high dose of pure drug
solution, oral; Group 2—high dose of pure drug solution, i.v.; Group 3—high dose of pure
drug solution, nebulizer; Group 4—high dose of Man-INH-NLC, nebulizer; Group 5—blank
Man-NLC, nebulizer; Group 6—untreated control. The treatments were administered for
4 weeks once daily to simulate the long-term treatment of isoniazid. The next day of the last
dosage administration, the animals were euthanized after an overdose of pentobarbitone
sodium injection. The lungs, liver, kidney, and brain were recovered and preserved in a 10%
buffered formalin solution. Sections of 5 µm were cut using a microtome and embedded in
paraffin. The tissues were stained using hematoxylin-eosin (H&E), and the sections were
investigated for granulomas, gross lesions or inflammation, and the degree of necrosis
was determined by a certified pathologist who was completely oblivious to the treatment
group [28,52].

3.16. Hepatotoxic and Nephrotoxic Evaluation

Hepatotoxicity and nephrotoxicity were evaluated simultaneously with histological
evaluation. After 4 weeks of treatment, 1 mL of blood was withdrawn from each animal
and subjected to a liver function test and kidney function test to evaluate any toxic effects
and allergic reactions to the liver and kidney tissues, respectively. The blood samples were
immediately processed by a certified pathologist to analyze total urea; bilirubin; creatinine
for hepatotoxic evaluation; and alanine aminotransferase (ALT), alkaline phosphatase
(ALP), and aspartate transaminase (AST) for evaluating nephrotoxicity in the animal
groups. The normal range of these parameters was evaluated via the control group [50].

3.17. Statistical Analysis

Statistical data were analyzed using Prism 8.4.0® software. Analysis of variance was
carried out via one-way ANOVA–post-Dunnett to differentiate two or more experimental
groups. The data were considered statistically significant at p < 0.05. All values are
displayed as the mean and standard deviation (mean ± SD where n = 3 or 6).

4. Conclusions

The isoniazid-loaded NLC formulation was formulated and successfully functional-
ized with D-mannose. The Man-INH-NLC formulation was found to have an encapsulation
efficiency of 79.71 ± 1.65% with an average particle size of 273.4 ± 8.24 nm. In vitro re-
lease studies showed the non-Fickian pH-independent sustained release of drugs from
the nanocarrier formulation. The majority of the nebulized nanoparticles were found in
the respirable range for delivering the encapsulated drug deep into the lungs. In vivo
studies revealed that the Man-INH-NLC formulation increased the mean residence time of
the drug into the lungs compared to the non-functionalized INH-NLC formulation. The
other pharmacokinetic parameters (relative bioavailability, half-life, AUC, Tmax, Cmax) of
Man-INH-NLC were also improved after encapsulating isoniazid into lipid nanocarriers
when compared with pure drug solution administered via different routes of administra-
tion. Furthermore, no toxicity was observed for both blank Man-NLC and the drug-loaded
Man-INH-NLC formulations after repeated nebulization during the entire study period,
as revealed following biochemical hepatotoxicity evaluation and histopathological eval-
uation. From the results, it can be concluded that the Man-INH-NLC formulation can
safely improve the dosage regimen and substitute the conventional formulations for better
therapeutic efficacy in the management of tuberculosis.
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Future Prospects

The pulmonary route is a growing alternative to the oral or injectable administration
of anti-tubercular drugs as it provides targeted drug delivery, reduces systemic side effects,
and improves patient compliance. Tuberculosis treatment often involves a combination of
multiple drugs to combat drug resistance and improve treatment outcomes. So, combina-
tion drug therapy can be applied to this research work to deliver therapeutics directly to the
lungs to achieve the synergistic effect and enhance treatment effectiveness. Personalized
medicine approaches and optimized drug delivery strategies can also be applied to allow
for tailored treatment regimens.

Author Contributions: Conceptualization, S.A. and D.C.B.; methodology, S.A. and S.R.; software,
S.R. and V.J.; validation, S.A., S.R. and T.V.; formal analysis, D.C.B. and G.K.; investigation, S.A. and
G.K.; resources, S.A. and K.S.; data curation, S.A. and D.C.B.; writing—original draft preparation,
S.A. and D.C.B.; writing—review and editing, S.A., A.S.A., A.A. and D.C.B.; visualization, A.A. and
V.J.; supervision, D.C.B. and T.V.; project administration, S.A.; funding acquisition, A.S.A., O.M.N.
and M.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Researchers Supporting Project number (RSP2023R132),
King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Approval for the animal studies protocol was given by the
Institutional Animal Ethical Committee of Guru Jambheshwar University of Science and Technology,
Hisar, India (approval no. IAEC/2020/10-18/01).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors are thankful to the Researchers Supporting Project number
(RSP2023R132), King Saud University, Riyadh, Saudi Arabia. Also, the authors are thankful to
Deepika Lather, Associate professor and certified Pathologist, Department of animal biotechnology,
Lala Lajpat Rai University of Veterinary and Animal Sciences for their help in the histological and
hepatological analysis of the blood and tissue samples of the tested animals.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fogel, N. Tuberculosis: A Disease without Boundaries. Tuberculosis 2015, 95, 527–531. [CrossRef] [PubMed]
2. Miggiano, R.; Rizzi, M.; Ferraris, D.M. Mycobacterium tuberculosis Pathogenesis, Infection Prevention and Treatment. Pathogens

2020, 9, 385. [CrossRef] [PubMed]
3. Seung, K.J.; Keshavjee, S.; Rich, M.L. Multidrug-Resistant Tuberculosis and Extensively Drug-Resistant Tuberculosis. Cold Spring

Harb. Perspect. Med. 2015, 5, a017863. [CrossRef]
4. Kebede, B. Tuberculosis Epidemiology, Pathogenesis, Drugs and Drug Resistance Development: A Review. J. Biomed. Sci. 2019,

8, 1–10.
5. Agyeman, A.A.; Ofori-Asenso, R. Tuberculosis—An Overview. J. Public Health Emerg. 2017, 1, 7. [CrossRef]
6. Zumla, A.; Nahid, P.; Cole, S.T. Advances in the Development of New Tuberculosis Drugs and Treatment Regimens. Nat. Rev.

Drug Discov. 2013, 12, 388–404. [CrossRef]
7. Franzblau, S.G.; DeGroote, M.A.; Cho, S.H.; Andries, K.; Nuermberger, E.; Orme, I.M.; Mdluli, K.; Angulo-Barturen, I.; Dick, T.;

Dartois, V.; et al. Comprehensive Analysis of Methods Used for the Evaluation of Compounds against Mycobacterium tuberculosis.
Tuberculosis 2012, 92, 453–488. [CrossRef]

8. Timmins, G.S.; Deretic, V. Mechanisms of Action of Isoniazid. Mol. Microbiol. 2006, 62, 1220–1227. [CrossRef]
9. Khatak, S.; Mehta, M.; Awasthi, R.; Paudel, K.R.; Singh, S.K.; Gulati, M.; Hansbro, N.G.; Hansbro, P.M.; Dua, K.; Dureja, H.

Solid Lipid Nanoparticles Containing Anti-Tubercular Drugs Attenuate the Mycobacterium marinum Infection. Tuberculosis 2020,
125, 102008. [CrossRef]

10. Weber, W.W.; Hein, D.W. Clinical Pharmacokinetics of Isoniazid. Clin. Pharmacokinet. 1979, 4, 401–422. [CrossRef]
11. Diallo, T.; Adjobimey, M.; Ruslami, R.; Trajman, A.; Sow, O.; Obeng Baah, J.; Marks, G.B.; Long, R.; Elwood, K.; Zielinski, D.; et al.

Safety and Side Effects of Rifampin versus Isoniazid in Children. N. Engl. J. Med. 2018, 379, 454–463. [CrossRef] [PubMed]
12. Stagg, H.R.; Lipman, M.C.; Mchugh, T.D.; Jenkins, H.E. Isoniazid-Resistant Tuberculosis: A Cause for Concern? Int. J. Tuberc.

Lung Dis. 2017, 21, 129–139. [CrossRef]
13. Pardeshi, C.V.; Agnihotri, V.V.; Patil, K.Y.; Pardeshi, S.R.; Surana, S.J. Mannose-Anchored N,N,N-Trimethyl Chitosan Nanoparticles

for Pulmonary Administration of Etofylline. Int. J. Biol. Macromol. 2020, 165, 445–459. [CrossRef] [PubMed]

77



Pharmaceuticals 2023, 16, 1108

14. Patil, T.S.; Deshpande, A.S. Mannosylated Nanocarriers Mediated Site-Specific Drug Delivery for the Treatment of Cancer and
Other Infectious Diseases: A State of the Art Review. J. Control. Release 2020, 320, 239–252. [CrossRef] [PubMed]

15. Rojanarat, W.; Nakpheng, T.; Thawithong, E.; Yanyium, N.; Srichana, T. Inhaled Pyrazinamide Proliposome for Targeting Alveolar
Macrophages. Drug Deliv. 2012, 19, 334–345. [CrossRef]

16. Wijagkanalan, W.; Kawakami, S.; Takenaga, M.; Igarashi, R.; Yamashita, F.; Hashida, M. Efficient Targeting to Alveolar
Macrophages by Intratracheal Administration of Mannosylated Liposomes in Rats. J. Control. Release 2008, 125, 121–130.
[CrossRef]

17. Saraogi, G.K.; Sharma, B.; Joshi, B.; Gupta, P.; Gupta, U.D.; Jain, N.K.; Agrawal, G.P. Mannosylated Gelatin Nanoparticles Bearing
Isoniazid for Effective Management of Tuberculosis. J. Drug Target. 2011, 19, 219–227. [CrossRef]

18. Filatova, L.Y.; Klyachko, N.L.; Kudryashova, E.V. Targeted Delivery of Anti-Tuberculosis Drugs to Macrophages: Targeting
Mannose Receptors. Russ. Chem. Rev. 2018, 87, 374. [CrossRef]

19. Tiwari, S.; Chaturvedi, A.P.; Tripathi, Y.B.; Mishra, B. Macrophage-Specific Targeting of Isoniazid Through Mannosylated Gelatin
Microspheres. AAPS PharmSciTech 2011, 12, 900–908. [CrossRef]

20. Virmani, T.; Kumar, G.; Sharma, A.; Pathak, K.; Akhtar, M.S.; Afzal, O.; Altamimi, A.S.A. Amelioration of Cancer Employing
Chitosan, Its Derivatives, and Chitosan-Based Nanoparticles: Recent Updates. Polymers 2023, 15, 2928. [CrossRef]

21. Alhalmi, A.; Beg, S.; Almalki, W.H.; Alghamdi, S.; Kohli, K. Recent Advances in Nanotechnology-Based Targeted Therapeutics
for Breast Cancer Management. Curr. Drug Metab. 2022, 14, 35657282. [CrossRef]

22. Nandvikar, N.Y.; Lala, R.R.; Shinde, A.S. Nanostructured Lipid Carrier: The Advanced Lipid Carriers. Int. J. Pharm. Sci. Res. 2019,
10, 5252–5265. [CrossRef]

23. Virmani, T.; Kumar, G.; Virmani, R.; Sharma, A.; Pathak, K. Nanocarrier-Based Approaches to Combat Chronic Obstructive
Pulmonary Disease. Nanomedicine 2022, 17, 1833–1854. [CrossRef] [PubMed]

24. Kumar, G.; Virmani, T.; Sharma, A.; Pathak, K. Codelivery of Phytochemicals with Conventional Anticancer Drugs in Form of
Nanocarriers. Pharmaceutics 2023, 15, 889. [CrossRef]

25. Vieira, R.; Severino, P.; Nalone, L.A.; Souto, S.B.; Silva, A.M.; Lucarini, M.; Durazzo, A.; Santini, A.; Souto, E.B. Sucupira
Oil-Loaded Nanostructured Lipid Carriers (NLC): Lipid Screening, Factorial Design, Release Profile, and Cytotoxicity. Molecules
2020, 25, 685. [CrossRef]

26. Subramaniam, B.; Siddik, Z.H.; Nagoor, N.H. Optimization of Nanostructured Lipid Carriers: Understanding the Types, Designs,
and Parameters in the Process of Formulations. J. Nanoparticle Res. 2020, 22, 141. [CrossRef]

27. Haider, M.; Abdin, S.M.; Kamal, L.; Orive, G. Nanostructured Lipid Carriers for Delivery of Chemotherapeutics: A Review.
Pharmaceutics 2020, 12, 288. [CrossRef]

28. Pinheiro, M.; Ribeiro, R.; Vieira, A.; Andrade, F.; Reis, S. Design of a Nanostructured Lipid Carrier Intended to Improve the
Treatment of Tuberculosis. Drug Des. Devel. Ther. 2016, 10, 2467–2475. [CrossRef]

29. Sahu, P.K.; Mishra, D.K.; Jain, N.; Rajoriya, V.; Jain, A.K. Mannosylated Solid Lipid Nanoparticles for Lung-Targeted Delivery of
Paclitaxel. Drug Dev. Ind. Pharm. 2015, 41, 640–649. [CrossRef]

30. Jain, A.; Agarwal, A.; Majumder, S.; Lariya, N.; Khaya, A.; Agrawal, H.; Majumdar, S.; Agrawal, G.P. Mannosylated Solid Lipid
Nanoparticles as Vectors for Site-Specific Delivery of an Anti-Cancer Drug. J. Control. Release 2010, 148, 359–367. [CrossRef]

31. Sharma, P.R.; Dravid, A.A.; Kalapala, Y.C.; Gupta, V.K.; Jeyasankar, S.; Goswami, A.; Agarwal, R. Cationic Inhalable Particles for
Enhanced Drug Delivery to M. tuberculosis Infected Macrophages. Biomater. Adv. 2022, 133, 112612. [CrossRef]

32. Vieira, A.C.C.; Magalhães, J.; Rocha, S.; Cardoso, M.S.; Santos, S.G.; Borges, M.; Pinheiro, M.; Reis, S. Targeted Macrophages
Delivery of Rifampicin-Loaded Lipid Nanoparticles to Improve Tuberculosis Treatment. Nanomedicine 2017, 12, 2721–2736.
[CrossRef] [PubMed]

33. Zainab; Ahmad, S.; Khan, I.; Saeed, K.; Ahmad, H.; Alam, A.; Almehmadi, M.; Alsaiari, A.A.; Haitao, Y.; Ahmad, M. A Study on
Green Synthesis, Characterization of Chromium Oxide Nanoparticles and Their Enzyme Inhibitory Potential. Front. Pharmacol.
2022, 13, 1008182. [CrossRef]

34. Kumar, G.; Virmani, T.; Pathak, K.; Al Kamaly, O.; Saleh, A. Central Composite Design Implemented Azilsartan Medox-
omil Loaded Nanoemulsion to Improve Its Aqueous Solubility and Intestinal Permeability: In Vitro and Ex Vivo Evaluation.
Pharmaceuticals 2022, 15, 1343. [CrossRef]

35. Zhou, Y.; Ahuja, A.; Irvin, C.M.; Kracko, D.A.; McDonald, J.D.; Cheng, Y.-S. Medical Nebulizer Performance: Effects of Cascade
Impactor Temperature. Respir. Care 2005, 50, 1077–1082.

36. Al Ayoub, Y.; Gopalan, R.C.; Najafzadeh, M.; Mohammad, M.A.; Anderson, D.; Paradkar, A.; Assi, K.H. Development and
Evaluation of Nanoemulsion and Microsuspension Formulations of Curcuminoids for Lung Delivery with a Novel Approach to
Understanding the Aerosol Performance of Nanoparticles. Int. J. Pharm. 2019, 557, 254–263. [CrossRef]

37. Sharma, A.; Sharma, S.; Khuller, G.K. Lectin-Functionalized Poly (Lactide-Co-Glycolide) Nanoparticles as Oral/Aerosolized
Antitubercular Drug Carriers for Treatment of Tuberculosis. J. Antimicrob. Chemother. 2004, 54, 761–766. [CrossRef]

38. Alhalmi, A.; Amin, S.; Beg, S.; Al-Salahi, R.; Mir, S.R.; Kohli, K. Formulation and Optimization of Naringin Loaded Nanostructured
Lipid Carriers Using Box-Behnken Based Design: In Vitro and Ex Vivo Evaluation. J. Drug Deliv. Sci. Technol. 2022, 74, 103590.
[CrossRef]

39. Patil, T.S.; Deshpande, A.S. Design, Development, and Characterisation of Clofazimine-Loaded Mannosylated Nanostructured
Lipid Carriers: 33-Box-Behnken Design Approach. Mater. Technol. 2021, 36, 460–475. [CrossRef]

78



Pharmaceuticals 2023, 16, 1108

40. Alhalmi, A.; Amin, S.; Khan, Z.; Beg, S.; Al, O.; Saleh, A.; Kohli, K. Nanostructured Lipid Carrier-Based Codelivery of Raloxifene
and Naringin: Formulation, Optimization, In Vitro, Ex Vivo, In Vivo Assessment, and Acute Toxicity Studies. Pharmaceutics 2022,
14, 1771. [CrossRef]

41. Shah, N.V.; Seth, A.K.; Balaraman, R.; Aundhia, C.J.; Maheshwari, R.A.; Parmar, G.R. Nanostructured Lipid Carriers for Oral
Bioavailability Enhancement of Raloxifene: Design and in Vivo Study. J. Adv. Res. 2016, 7, 423–434. [CrossRef] [PubMed]

42. Rahman, M.; Almalki, W.H.; Afzal, O.; Altamimi, A.S.A.; Kazmi, I.; Al-Abbasi, F.A.; Choudhry, H.; Alenezi, S.K.; Barkat, M.A.;
Beg, S.; et al. Cationic Solid Lipid Nanoparticles of Resveratrol for Hepatocellular Carcinoma Treatment: Systematic Optimization,
in Vitro Characterization and Preclinical Investigation. Int. J. Nanomed. 2020, 15, 9283–9299. [CrossRef] [PubMed]

43. Patil-Gadhe, A.; Pokharkar, V. Montelukast-Loaded Nanostructured Lipid Carriers: Part I Oral Bioavailability Improvement. Eur.
J. Pharm. Biopharm. 2014, 88, 160–168. [CrossRef] [PubMed]

44. Fernandes, A.V.; Pydi, C.R.; Verma, R.; Jose, J.; Kumar, L. Design, Preparation and In Vitro Characterizations of Fluconazole
Loaded Nanostructured Lipid Carriers. Braz. J. Pharm. Sci. 2020, 56, e18069. [CrossRef]
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Abstract: Perillyl alcohol (POH), a bioactive monoterpenoid derived from limonene, shows promise
as an antitumor agent for brain tumor treatment. However, its limited oral bioavailability and
inadequate brain distribution hinder its efficacy. To address these challenges, this study developed
nanostructured lipid carriers (NLCs) loaded with POH to improve its brain biodistribution. The
NLCs prepared using hot homogenization exhibited an average diameter of 287 nm and a spherical
morphology with a polydispersity index of 0.143. High encapsulation efficiency of 99.68% was
achieved. X-ray diffraction analyses confirmed the semicrystalline state of POH-loaded NLCs.
In vitro release studies demonstrated a biphasic release profile. Stability studies in simulated gastric
and intestinal fluids confirmed their ability to withstand pH variations and digestive enzymes.
In vivo pharmacokinetic studies in rats revealed significantly enhanced oral bioavailability of POH
when encapsulated in the NLCs. Biodistribution studies showed increased POH concentration in
brain tissue with NLCs compared with free POH, which was distributed more in non-target tissues
such as the liver, lungs, kidneys, and spleen. These findings underscore the potential of NLCs
as effective delivery systems for enhancing oral bioavailability and brain biodistribution of POH,
providing a potential therapeutic strategy for brain tumor treatment.

Keywords: lipid nanoparticles; perillyl acid; pharmacokinetics; biodistribution

1. Introduction

Perillyl alcohol (POH; IUPAC name: [4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]methanol)
is a natural compound belonging to the monocyclic terpene group, which can be found
in the essential oils of various plants and citrus fruits, including mint, cherries, lavender,
lemongrass, celery seeds, ginger, and sage, among others [1]. Regarding its pharmacoki-
netics, POH exhibits a relatively short half-life, necessitating frequent dosing to maintain
therapeutic plasma concentrations. After oral administration, the compound is rapidly
absorbed, although its bioavailability may be limited due to extensive first-pass metabolism
in the liver [2,3]. Notably, POH undergoes significant hepatic metabolism, leading to the
formation of perilaldehyde, perillyl acid, and dihydroperillic acid. These metabolites are
subsequently subjected to glucuronidation and primarily eliminated through the renal
system, with a minor fraction excreted through the bile. These factors contribute to the
pharmacokinetic limitations of POH [4–6].

Over the past few decades, there has been a substantial increase in the interest sur-
rounding the medicinal properties of POH, driven by the discovery of its potent antitumor
activity. Numerous in vitro and in vivo studies have demonstrated the chemopreventive
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effects of POH against various types of cancer, including lung [7], skin [8], liver [9], pan-
creas [10], colon [11], breast [12], leukemia cells [13], and glioblastomas [14]. Although the
precise mechanisms by which POH exerts its antitumor effects are not fully elucidated,
several significant mechanisms have been reported. These include the inhibition of Ras
protein isoprenylation [15–17], modulation of AP-1 (activator protein-1) activity, induction
of early G1 arrest and apoptosis, negative regulation of cyclin proteins, and targeting of
various other cellular factors such as telomerase reverse transcriptase (hTERT), eukaryotic
translation initiation factors eIF4E and eIF4G, sodium/potassium adenosine triphosphatase
(Na/K-ATPase), Notch, nuclear factor kappa B (NF-κB), mammalian target of rapamycin
(mTORC), M6P/IGF-II receptor genes, and transforming growth factor beta (TGFβ) [16–18].

Given its potential as an antitumor agent, POH has undergone a series of phase I and
II clinical trials in patients with glioblastoma multiforme (GBM), a highly malignant grade
IV astrocytic lineage glioma according to the WHO classification of CNS tumors [19]. While
it demonstrated disease stabilization, oral administration of POH was associated with
gastrointestinal toxicities. Increased side effects were reported with the use of high and
frequent doses required to maintain the plasma concentration of POH and its metabolites
at levels sufficient to induce the desired therapeutic effect [5,20,21].

Within this context, nanotechnology emerges as a compelling alternative for drug
delivery, offering the capability to manipulate properties such as toxicological profiles, con-
trolled release mechanisms, and targeted delivery to specific sites. In the field of oncology,
the rapid advancements in nanotechnology have propelled nano-oncology as a promising
approach for cancer therapy. The escalating interest in the application of nanotechnology
in oncology primarily stems from the remarkable ability of nanomedicines to modify phar-
macokinetic parameters and improve drug distribution at tumor sites, while concurrently
reducing concentrations in healthy tissues. Consequently, these advancements have the
potential to minimize undesirable side effects and address the limitations associated with
conventional cancer treatments [22,23]. Our research group has successfully developed a
nanoemulsion containing POH, which exhibited enhanced bioavailability and brain tar-
geting when administered intranasally in rats [24]. However, we are now eager to explore
an alternative nanoparticle system for the same purpose, with a specific focus on oral
administration. This novel approach aims to overcome the limitations of intranasal delivery
and provide a more convenient and patient-friendly route for the effective delivery of POH.

Among the various nanoparticulate drug delivery systems, lipid-based systems have
emerged as a prominent field of research, with nanostructured lipid carriers (NLCs) re-
ceiving significant attention in recent decades. The supramolecular structure of NLCs is
characterized by the arrangement of lipids in a nanostructured pattern. NLCs are comprised
of a blend of solid and liquid lipids, exhibiting a core–shell structure. The composition of
NLCs allows the incorporation of various lipids with diverse physicochemical properties,
such as triglycerides, phospholipids, and fatty acids. This versatility enables the encap-
sulation of a wide range of hydrophobic and hydrophilic drugs, making NLCs suitable
for delivering diverse therapeutic agents [25,26]. They contribute to the stability of the
carriers, protect the encapsulated drugs from degradation, and facilitate controlled-release
kinetics. Additionally, the supramolecular organization of NLCs influences their interac-
tions with biological membranes and cellular uptake mechanisms, affecting their overall
performance as drug delivery systems. Furthermore, NLCs exhibit scalability, enabling
large-scale production to meet the demands of the pharmaceutical industry. Moreover,
they possess sterilization potential, ensuring the maintenance of product quality and safety.
These collective attributes make NLCs a versatile and promising platform for advanced
drug delivery systems [27,28].

In this study, it was hypothesized that NLCs could enhance the oral bioavailability and
brain biodistribution of POH, aiming to develop an effective oral formulation with reduced
adverse effects for the treatment of glioblastoma. NLCs containing POH were synthesized and
characterized, and their in vitro release properties were evaluated. Furthermore, the pharma-
cokinetic parameters and biodistribution were assessed following single oral administration in
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rats, providing valuable insights into the absorption, distribution, metabolism, and excretion
of POH when encapsulated within NLCs. These comprehensive evaluations contribute to the
understanding of the potential benefits of NLCs as a drug delivery system for improving the
therapeutic outcomes of POH in glioblastoma treatment.

2. Results and Discussion
2.1. Preparation and Characterization of NLCs Containing POH

The NLCs-POH were successfully obtained using the hot homogenization method.
The methodology proved to be effective for NLCs’ production, as they exhibited appropriate
size for oral delivery, low polydispersity, and excellent incorporation of POH (see Table 1),
which served both as a structural component, being the liquid lipid of NLCs, and as the
drug. SEM images (Figure 1A,B) revealed a relatively spherical morphology of the POH-
loaded NLCs. Also, some aggregation was observed, however that may be attributed to
drying processes involved in SEM sample preparation, which may not accurately represent
the state of the particles in their dispersed form.

Table 1. Characteristics of NLCs incorporating POH.

Characteristic Result (Mean ± SD)

Mean particle size (nm) 288 ± 23
Polydispersity index 0.143 ± 0.040
Zeta potential (mV) −32.5 ± 1.4
Entrapment efficiency (%) 99.6 ± 0.4
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The mean diameter of the obtained NLCs was below 300 nm. Considering that tumor
tissue vasculature has pores ranging from 200 to 1200 nm [29], the size of the NLCs is ideal
for entering the fenestrations of tumor tissue neovasculature, while being unable to enter
the narrow fenestrations of normal endothelium (10 to 50 nm), contributing to the enhanced
permeability and retention (EPR) effect, leading to nanoparticle accumulation at the tumor
site through passive targeting [30,31]. Furthermore, particles with a size ≤ 300 nm are more
suitable for oral drug administration, as they are preferentially internalized by enterocytes
and M cells and demonstrate increased intestinal transport compared with larger parti-
cles [32,33]. The choice of lipids with different physicochemical properties, such as chain
length, degree of saturation, and melting point, can affect the lipid matrix arrangement
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and ultimately influence the size of the NLCs. Lipids with a higher melting point result
in larger particle sizes due to the increased fusion viscosity in the system, consequently
reducing the efficiency of the homogenization step for size reduction [34,35]. Studies have
shown that NLCs prepared with Gelucire® 43/01 exhibit smaller particle size compared
with glyceryl tripalmitate [36], glyceryl behenate, and glyceryl monostearate [37], due to its
relatively lower melting point. Moreover, the chemical composition of Gelucire® 43/01,
which contains mono- and diglycerides along with polyethylene glycol esters of fatty acids,
provides certain emulsifying properties, facilitating emulsification and assisting in the
formation of NLCs with smaller particle size [35–37].

The polydispersity index (PDI) serves as a measure of the uniformity in the size dis-
tribution of particles, reflecting the homogeneity or heterogeneity of the sample. It is a
numerical value ranging from 0.0 (indicating a perfectly uniform sample) to 1.0 (represent-
ing a highly polydisperse sample with various particle sizes). Ideally, PDI values ≤ 0.2
indicate a more homogeneous size distribution, highlighting a desirable characteristic for
nanoparticle formulations [38]. In the context of this study, the obtained NLCs exhibited a
PDI value < 0.15 (see Table 1), falling within the desired range and indicating a relatively
uniform particle size distribution. The achievement of such low PDI values can be at-
tributed to the careful selection and combination of surfactants, which play a crucial role in
stabilizing the NLCs and controlling their size and PDI. In this investigation, polysorbate 80
and soybean lecithin were employed as surfactant combination. It has been demonstrated
in previous studies that utilizing a mixture of surfactants can lead to a reduction in PDI
compared with using a single surfactant, thereby improving the overall stability of the NLC
system [35,39]. Furthermore, the inclusion of non-ionic surfactants, such as polysorbate
80, has been shown to contribute to lower PDI values compared with anionic or cationic
surfactants. This can be attributed to the ability of polysorbate 80 to decrease particle size
and minimize aggregation tendencies, ultimately leading to a more uniform particle size
distribution [40,41].

The obtained NLCs showed a zeta potential of −32.5 mV, indicating excellent pre-
dictability of formulation stability. This highly negative value suggests strong repulsive
forces among the particles, effectively preventing internal phase aggregation [42]. The
anionic nature of the solid lipid Gelucire® 43/01 is responsible for conferring the negative
charge, which contributes to the zeta potential observed. Encouragingly, similar zeta po-
tential values (<−30 mV) have been reported in other investigations utilizing Gelucire®

43/01 as the solid lipid for NLCs’ development [37,43]. The zeta potential not only ensures
the stability and dispersion of NLCs, but also has implications for their interaction with
biological systems. The electrostatic repulsion between NLC particles with such a signifi-
cant negative charge can inhibit particle aggregation, enhance their colloidal stability, and
promote their prolonged circulation time in biological fluids [44].

The entrapment efficiency (EE) of POH in NLCs was remarkably high, reaching almost
100%. The exceptional EE observed in this study can be attributed to the distinctive dual
functionality of POH, as both a pharmacological agent and a structural element within the
NLCs. As an oil, POH obviates the need for an additional liquid lipid component to form
the supramolecular structure of the NLCs, ensuring its efficient encapsulation.

The diffractograms of the samples, including soybean lecithin, Gelucire® 43/01, NLCs
-POH, and blank nanoparticles (without POH), are presented in Figure 1. The XRD pattern
of solid lipid Gelucire® 43/01 (Figure 2A) exhibited characteristic peaks at 2θ: 20.9 and
23.1◦, indicating its semicrystalline nature [45]. In contrast, the XRD pattern of soybean
lecithin (Figure 2B) displayed a broad band at 20.3◦, suggesting a completely amorphous
profile with the absence of well-defined peaks [46]. The diffractograms of the blank NLCs
(Figure 2C) and POH-loaded NLCs (Figure 2D) exhibited similar patterns, with a partial
overlap of the characteristic Gelucire® peaks at 2θ: 20.9 and 23.1◦, although less distinct,
and a broad base attributed to the lecithin’s broad band. This characterization indicates
a semicrystalline profile of NLCs, which is anticipated to contribute to faster dissolution
rates, improved absorption, and enhanced bioavailability [47].
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Figure 2. Diffractograms of: (A) Gelucire® 43/01, (B) soybean lecithin, (C) blank NLCs, and
(D) POH-loaded NLCs.

2.2. In Vitro Release Profile

Figure 3 shows the in vitro release profile of POH from NLCs over a 48 h assay period.
A prolonged release characterized by a biphasic profile was observed. An initial rapid
release, known as the burst effect, was observed at 8 h, during which approximately 25% of
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POH was released from the NLCs. After this time, the release continued at a constant and
slower rate, resulting in a cumulative release of 29% at the end of 48 h. The release profile
obtained for POH was very similar to the one reported in the study by Zielińska et al. [48],
using the same methodology, where the release of different monoterpenes, including
limonene, a precursor of POH, was evaluated. Mathematical models were applied to the
release data (Table 2), and the results showed that the best-fitted model (r = 0.922) was
the Weibull model. This model suggests a drug release mechanism involving dissolution,
diffusion, and mixed dissolution–diffusion rate-limited processes. The application of
the semi-empirical Korsmeyer–Peppas model resulted in a release exponent of n = 0.40,
indicating that drug release occurred through diffusion within the lipid matrix [49]. Thus,
the initial burst release effect is attributed to the fraction of drug adsorbed on the NLCs’
surfaces, while Fickian diffusion drives sustained release curves according to the Weibull
and Korsmeyer–Peppas models. Due to the inherent limitations of conducting in vitro
release experiments with the physically oily nature of POH, it is expected that the release
under in vivo conditions will exhibit a faster rate. Obviously, the pharmacokinetic assays
will provide a comprehensive understanding of POH’s pharmacokinetic behavior that
cannot be fully captured by in vitro experiments alone.
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Figure 3. In vitro release of POH from NLCs in PBS pH 7.4, 37 ◦C (n = 3).

The release assay in simulated gastric fluid (SGF) and simulated intestinal fluids (SIF)
was conducted to assess the suitability of the NLCs for oral administration. The study was
conducted for 2 h in SGF pH 1.2, followed by a medium change to SIF pH 6.8 for 4 h. The
release profile of POH from NLCs is presented in Figure 4. The NLCs showed low release
of POH in both fluids, with a total of 12.4% released at the end of 6 h, suggesting excellent
incorporation of the drug within the lipid matrix. These results indicate that the NLCs used
for oral administration of POH demonstrated good stability, maintaining their integrity in
the face of different pH variations and the presence of digestive enzymes. Therefore, the
results suggest that the main content of POH incorporated in NLCs could be absorbed by
intestinal cells and enter the bloodstream for sustained release in vivo. Moreover, this result
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is promising, considering that the oral administration of free-form POH caused significant
gastrointestinal side effects in glioblastoma patients [20,21].

Table 2. Kinetic analysis of POH release from NLCs in 50 mM PBS solution, pH 7.4, 37 ◦C.

Kinetic Model r (Correlation Coefficient)

Zero order 0.554
First order 0.449
Second order 0.337
Third order 0.247
Higuchi 0.277
Korsmeyer–Peppas 0.916
Weibull 0.922
Hickson–Crowell 0.486
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Figure 4. In vitro release of POH from NLCs in simulated gastric fluid (SGF) pH 1.2 and simulated
intestinal fluid (SIF) pH 6.8, 37 ◦C (n = 3).

2.3. Pharmacokinetic Study

The pharmacokinetic study was conducted in rats to evaluate whether NLCs can
alter the pharmacokinetic profile of POH. The absorption, bioavailability, and elimination
profiles of orally administered POH-loaded NLCs were assessed in a single-dose study and
compared with the pharmacokinetic profile obtained for free-form POH. Considering the
properties of POH, such as low water solubility and low polarity, which pose challenges
for its determination by ESI in the UPLC/MS-MS method, a decision was made to quantify
the perillyl acid (PA), a metabolite of POH. Furthermore, due to the rapid metabolism of
POH to PA, the levels of PA in plasma and brain were quantified instead [24,50].

The mean plasma and brain concentration–time curves of PA following oral adminis-
tration of 500 mg/kg of free-form POH and the equivalent of 500 mg/kg of POH in the
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NLCs are shown in Figures 5 and 6, and the pharmacokinetic parameters are presented in
Tables 3 and 4.
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Table 3. Pharmacokinetic plasma parameters of perillyl acid, following oral administration of a single
dose of 500 mg/kg of free POH and POH-loaded NLCs.

Parameter Free POH POH-Loaded NLCs

Cmax (ng·mL−1) 40,507.18 43,552.17
Tmax (h) 1 4

AUC0–24h (ng·h/mL) 322,833.78 598,139.18
T 1

2
(h) 8.65 11.90

Kel (1/h) 0.080 0.058
Cl (L/h) 0.0015 0.0008
Vd (L) 0.0193 0.0143

Cmax: maximum concentration; Tmax: time to reach maximum concentration; AUC0–24h: area under the plasma
concentration–time curve; T 1

2
: half-life; Kel: elimination rate constant; Vd: apparent volume of distribution;

Cl: clearance.

Table 4. Pharmacokinetic tissues parameters of perillyl acid, following oral administration of a single
dose of 500 mg/kg of free POH and POH-loaded NLCs.

Treatment Tissue Cmax
(ng·mL−1) Tmax (h) AUC0–24h

(ng·h/mL) T 1
2

(h) Kel (1/h)

Brain 7694.15 2 72,104.51 6.40 0.108
Lung 41,265.63 2 442,244.37 8.63 0.080

Free POH Kidney 34,245.26 2 437,725.63 12.92 0.053
Liver 40,490.68 4 678,190.26 29.11 0.023

Spleen 13,022.72 4 225,678.26 8.68 0.079

Brain 16,085.07 2 263,771.20 19.35 0.035
Lung 19,067.11 1 192,494.69 12.15 0.057

POH-loaded NLCs Kidney 23,873.44 1 228,540.18 10.10 0.068
Liver 28,884.92 2 320,092.07 19.74 0.035

Spleen 10,662.32 1 75,687.80 5.52 0.125

Cmax: maximum concentration; Tmax: time to reach maximum concentration; AUC0–24h: area under the tissue
concentration–time curve; T 1

2
: half-life; Kel: elimination rate.

Upon conducting an analysis of the plasma profile (Figure 5), it was evident that the oral
administration of the free POH resulted in rapid absorption, with a maximum plasma concen-
tration (Cmax) of 40,507.18 ng/mL observed at 1 h, followed by a decline to 5480.12 ng/mL after
24 h. In contrast, the NLCs exhibited a slower absorption rate, with a Cmax of 43,552.17 ng/mL
observed at 4 h and a sustained concentration of 12,999.93 ng/mL at the end of 24 h. This
indicates a prolonged absorption period and sustained presence of the drug in the blood-
stream when it is encapsulated in NLCs. Unlike the free drug, which is readily available for
absorption, the drug encapsulated in the nanostructured delivery system undergoes lipid
matrix dissociation, gradually releasing into the bloodstream. The oral bioavailability was
enhanced two-fold (p < 0.05) with the utilization of NLCs in comparison to free-form POH
treatment, as demonstrated by the increased AUC0–24h. Moreover, the half-life of the drug
was prolonged from 8 to 11 h, indicating a reduced clearance rate and sustained presence in
the systemic circulation.

The administration of NLCs significantly increased the brain concentration of PA
compared to free-form POH treatment (Figure 6). This finding demonstrates that NLCs
enhanced the absorption of POH, reaching a maximum concentration of PA (Cmax) of
16,085.07 ng/mL, which was approximately two times higher than the Cmax of the free
drug (7694.15 ng/mL) (p < 0.05). Furthermore, the prolonged duration of PA in the brain
was evident, with a concentration of 7126.73 ng/mL at the end of 24 h, whereas the free-
form POH had a PA final concentration of approximately 719.71 ng/mL. Analysis of the
AUC0–24h (Table 4) revealed a remarkable enhancement in the brain bioavailability of PA
when the treatment was with NLCs, as its AUC0–24h was increased 3.6-fold compared
with the free drug. The efficacy of brain delivery can also be assessed by evaluating
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the AUCbrain/AUCplasma ratio of POH-loaded NLCs in comparison to free POH. The
results revealed a ratio of 2, indicating that NLCs enhanced brain distribution by two-fold
compared with the free drug. This ratio is correlated with a proportional improvement in
bioavailability, also doubled, demonstrating the enhanced drug concentration in the brain.
These results highlight the superior performance of NLCs in enhancing the brain uptake of
PA and increasing its bioavailability in the brain.

In contrast, the distribution of free POH to organs such as the lungs, kidneys, liver, and
spleen was more pronounced, indicating that NLCs displayed enhanced selectivity for brain
delivery. This was evidenced by the AUC results (Table 4), where NLCs exhibited a higher
accumulation of the drug in the brain while the free drug showed higher distribution to non-
target tissues, such as liver, lungs, kidneys, and spleen. Furthermore, the plasma and brain
half-life (T 1

2 ) was prolonged in animals treated with NLCs, reinforcing the notion of sustained
release mediated by these nanostructures and suggesting a prolonged therapeutic effect. These
findings underscore the advantageous characteristics of NLCs in terms of improved tissue
selectivity, extended drug release, and potential for enhanced therapeutic outcomes.

The precise mechanism underlying the transport of drugs across the blood–brain
barrier (BBB) mediated by nanoparticles remains to be fully elucidated. Several potential
mechanisms have been proposed to account for this phenomenon. These include the small
size of nanoparticles, which provides a large surface area, as well as the lipophilic nature
of NLCs. These factors enhance the interaction and prolonged contact time between the
particles and the BBB, facilitating the transport of drugs to the brain by establishing a
concentration gradient. The lipophilic properties of lipid nanoparticles enable their passage
across the BBB through various transport pathways, such as paracellular, transcellular,
transcytosis, and receptor-mediated endocytosis [51,52]. Further investigations are needed
to gain a comprehensive understanding of the intricate mechanisms involved in lipid
nanoparticle-mediated drug delivery to the brain.

Several studies have highlighted the role of polysorbate-80 in brain targeting, as it
exerts specific effects on membrane fluidity, enhances interaction with the BBB, and inhibits
efflux pumps like P-glycoprotein (P-gp) expressed in brain endothelial cells. These actions
contribute to increased brain delivery of nanoparticles. Another significant mechanism in-
volves the covalent association of polysorbate-80 with apolipoprotein E in the bloodstream.
Apolipoprotein E is essential for the transportation of low-density lipoprotein (LDL) to the
brain. By binding to the nanoparticle surface, polysorbate-80 enables the nanoparticles
to mimic LDL particles, facilitating their interaction with LDL receptors. This interaction
promotes the uptake of nanoparticles by cerebral capillary endothelial cells and enhances
drug distribution within the brain compared with the free drug solution [53,54]. In this
study, the presence of polysorbate-80 on the surface of NLCs indicates that the enhanced
brain bioavailability may be attributed to its role in facilitating nanoparticle uptake via
endocytosis, in addition to the previously discussed factors such as improved plasma
bioavailability and prolonged release properties.

The findings of this study provide valuable insights into the pharmacokinetic behavior
of the NLCs encapsulating the drug POH. The observed differences in the absorption,
biodistribution, and elimination profiles between the POH-loaded NLCs and the free
drug highlight the potential of nanotechnology in modulating drug pharmacokinetics for
improved therapeutic outcomes. The sustained release, improved bioavailability, and en-
hanced brain bioavailability observed with NLCs offer promising prospects for improving
the treatment of brain-related diseases. In the case of POH, a candidate for the treatment
of glioblastoma multiforme, providing patients with an alternative that minimizes the fre-
quency of administration and enhances action in the affected organ is of great importance.
This increased selectivity of NLCs for brain delivery can help minimize potential adverse
effects in non-target organs and improve the overall safety profile of the drug. Continued
research and development in this field hold great potential for advancing therapeutic
strategies and addressing the challenges associated with drug delivery to the brain.
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3. Materials and Methods
3.1. Materials

Gelucire® 43/01 (a mixture of mono-, di-, and triglyceride esters of fatty acids) and
soy lecithin were kindly donated by Prati-Donaduzzi pharmaceutical company (Toledo,
Brazil). Formic acid (98–100% purity), perillyl acid (PA, 95% purity), perillyl alcohol (POH,
≥95% purity), L-carvone (96% purity), pancreatin (99%), Pepsin (99%), and Tween 80—
polysorbate 80 were obtained from Sigma-Aldrich® (St. Louis, MO, USA). Potassium
chloride (99%), sodium chloride (99%), and anhydrous monobasic sodium phosphate (99%)
were acquired from Biotec® (São José dos Pinhais, Brazil). HPLC-grade acetonitrile was
purchased from Honeywell® (NJ, USA). Dibasic sodium phosphate (99%) was obtained
from Synth® (São Paulo, Brazil). Purified water was obtained using a Milli-Q Plus system
(Millipore Corporation, Bedford, MA, USA) with a conductivity of 18 MΩ.

3.2. Preparation of Nanostructured Lipid Carriers (NLCs) Containing POH

The NLCs containing POH were obtained using the hot homogenization method, accord-
ing to Zhuang et al. (2010) [55], with modifications. It is noteworthy that POH, in addition
to being the drug, also served a structural function as the liquid lipid component of the
NLCs. In brief, the oily phase composed of POH (700 µL) and the solid lipid Gelucire® 43/01
(1.3 g) was heated to 53 ◦C (10 ◦C above the melting temperature of the solid lipid) for 10 min.
Separately, 10 mL of an aqueous solution containing polysorbate 80 (1%) and soy lecithin
(1%) was heated to the same temperature and added to the melted oily phase, followed by
agitation using an Ultra Turrax homogenizer (Dremel®, 300, São Paulo, Brazil) at 33,000 RPM
for 2 min. The obtained pre-emulsion was subjected to sonication using an ultrasonic sonica-
tor (Eco-Sonics®, Indaiatuba, Brasil) for 2 cycles of 1 min each, at a power of 90 Watts, and
subsequently cooled (2–8 ◦C) for 5 min to allow the formation of the NLCs. Afterwards, NLCs
underwent ultracentrifugation at 25,240× g and 4 ◦C for 20 min (Hermle—Z36HKl centrifuge,
Wehingen, Germany). Subsequently, the resulting precipitate was redispersed in ultrapure
water, while the supernatant was retained for subsequent analysis.

3.3. Physicochemical Characterization

The mean size and polydispersity index (PDI) of the NLCs were determined using
dynamic light scattering (BIC 90 plus, Brookhaven Inst. Corp., Holtsville, NY, USA). The
samples were diluted in ultrapure water and subjected to analysis using a scattering angle of
90 degrees and a laser beam with a wavelength of 695 nm. The zeta potential was measured
based on the electrophoretic mobility of the nanoparticles (Zetasizer ZS, Malvern, UK).
The morphological features were evaluated using a scanning electron microscope (SEM)
operated at an acceleration voltage of 30 kV (VEGA3, Tescan Orsay Holding, Brno, Czech
Republic). X-ray diffraction (XRD) analysis was performed using an X-ray diffractometer
(D2 Phaser, Bruker, Mannheim, Germany) equipped with Cu Kα radiation (λ = 1.5418 Å)
at 30 kV voltage and 10 mA current. The samples were placed on a glass support and
analyzed in the 2θ open-angle range of 5 to 60◦.

3.4. Entrapment Efficiency Determination

The entrapment efficiency (EE) was determined indirectly by quantifying the amount
of POH present in the supernatant obtained after the NLCs’ ultracentrifugation. This was
achieved using a validated high-performance liquid chromatography (HPLC) method. A
sample of the supernatant was taken and diluted in the mobile phase before being filtered
through a 0.22 µm pore-size filter. The HPLC analysis was conducted using a Waters®

600 Alliance system with a diode array detector (DAD) model 2696. A C18 column (5 µm,
4.6 mm × 250 mm—AtlantisTM) was utilized. The chromatographic conditions involved
a mobile phase composition of acetonitrile:acidified water (0.5% formic acid) (60:40, v/v).
The separation was performed using isocratic elution at a flow rate of 1.0 mL/min, with
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the detection wavelength set at 193 nm for POH. Subsequently, the EE% was calculated
according to Equation (1):

EE (%) = (POHi − POHs)/POHi × 100 (1)

where initial POHi represents the initial quantity of the POH incorporated into the NCLs,
and POHs refers to the portion of the POH that remains unincorporated in the supernatant
of NLCs.

3.5. In Vitro Release Profile

The in vitro release of POH from NLCs was assessed using Franz diffusion cells
(Hanson Corp., Chatsworth, CA, USA). The receptor medium, phosphate-buffered saline
(PBS, 50 mM, pH 7.4), was maintained at a temperature of 37 ± 0.5 ◦C with continuous
stirring at 400 rpm. A cellulose acetate membrane with a pore-size cutoff of 0.22 µm was
interposed between the donor and receptor compartments. A 20 µL suspension of NLCs-
POH, ensuring sink conditions, was applied onto the membrane. At predetermined time
intervals (0.5, 1, 2, 4, 8, 12, 24, and 48 h), 1.0 mL aliquots were collected and subsequently
analyzed using HPLC.

Furthermore, the in vitro release of POH was evaluated in simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF), utilizing the dialysis membrane technique. In this
experiment, a 500 µL aliquot of the loaded POH was placed inside a dialysis bag (MWCO
14,000, INLAB®, São Paulo, Brazil) and dispersed in 2 mL of pH 7.4 PBS. The bag was
immersed in reservoirs containing 60 mL of pH 1.2 SGF supplemented with pepsin for a
period of 2 h. Subsequently, the medium was replaced with pH 6.8 simulated SIF containing
pancreatin and incubated for an additional 4 h. The release media were maintained at
37 ± 0.5 ◦C with magnetic stirring at 500 rpm. At specific time points (0.5, 1, 2, 3, 4, 5, and
6 h), aliquots were collected, and the withdrawn volume was replenished with fresh SGF or
SIF. The collected samples were filtered through 0.22 µm PVDF membranes and subjected
to analysis using HPLC.

3.6. Pharmacokinetic Study
3.6.1. UPLC-MS/MS Analysis

Ultra-performance liquid chromatography (UPLC) coupled with a triple quadrupole
mass spectrometer (XEVO-TQD, Waters®, Milford, MA, USA) equipped with a electrospray
ionization source (Waters®, Milford, MA, USA) was employed to determine and quan-
tify the presence of perillyl acid (PA, a metabolite of POH) in rat plasma and organs fol-
lowing treatment. The chromatographic conditions included a reverse-phase C18 column
(100 mm × 2.1 mm) with a mobile phase composed of acetonitrile (ACN) and acidified water
(0.1% formic acid) in a ratio of 70:30 (v/v). The mobile phase was delivered isocratically at
a flow rate of 0.3 mL/min, and a 2 µL injection volume was used. The total run time was
3 min, with retention times of 1.14 min for PA and 1.31 min for the internal standard (IS),
carvone. The column oven was maintained at 40 ◦C, while the samples were kept at 10 ◦C
in the autosampler. Electrospray ionization in positive mode (ESI+) was employed for mass
spectrometric detection of the analytes. The MS conditions were as follows: capillary voltage
at 4 kV, source temperature at 150 ◦C, desolvation temperature at 500 ◦C, and desolvation
gas flow rate at 800 L/h. Quantification was performed using multiple reaction monitoring
(MRM) mode, with m/z 167→ 92.97 for PA and m/z 151.01→ 122.98 for the IS. The optimized
collision energies were 16 eV for PA and 8 eV for the IS. Instrument control, data acquisition,
and processing were carried out using MassLynx™ 4.1 software (Milford, MA, USA).

3.6.2. Treatment

The pharmacokinetic study was approved by the Animal Ethics Committee of the
Universidade Estadual do Centro-Oeste, Brazil (registration number 025/2021). It used
adult male Wistar rats weighing between 200 and 300 g. The animals were housed in cages
with ad libitum access to water and food, following a 12 h light/dark cycle. To minimize the
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influence of food, a fasting period of 12 h was implemented prior to drug administration in
all rats. However, unrestricted access to water was provided throughout the study. The
animal subjects were allocated into two distinct groups: Group A, which received free POH,
and Group B, which received a suspension of NLCs encapsulating POH. In both groups,
POH was administered orally via gavage as a single dose equivalent to 500 mg/kg. After
the designated treatment duration, the animals were anesthetized (using Ketamine at a
dose of 75 mg/kg and Xylazine at a dose of 10 mg/kg, administered intraperitoneally) and
euthanized by decapitation at predefined time points (0.5, 1, 2, 4, 8, 12, and 24 h). Each of
the seven time intervals in Groups A and B involved the use of six animals. Subsequent to
euthanasia, blood samples were collected, and the following organs were extracted from
the animals: brain, lungs, kidneys, spleen, and liver.

3.6.3. Sample Preparation

The collected blood samples were transferred to heparinized microtubes and cen-
trifuged at 5000 rpm, 4 ◦C for 15 min to extract the plasma. Subsequently, liquid–liquid
extraction with acetonitrile was performed. For this purpose, a 50 µL aliquot of plasma
sample was added to 250 µL of acetonitrile containing the IS carvone (100 ng/mL). The
tubes were then centrifuged at 15,000 rpm for 10 min at 4 ◦C. The supernatant was filtered
through 0.22 µm syringe filters (Filtrilo, PVDF, São Paulo, Brazil) and transferred to an
injection vial.

The organ homogenates were obtained by adding 5 mL of PBS (pH 7.4) to each 1 g
of tissue, followed by homogenization at 33,000 rpm for 1 min for 2 cycles. A 250 µL
aliquot of the homogenate was taken, and 750 µL of acetonitrile with the internal standard
(100 ng/mL) was added. The samples were then centrifuged at 5000 rpm for 10 min at 4 ◦C
and subsequently filtered through a 0.22 µm PVDF filter and analyzed using UPLC-MS/MS.

3.6.4. Data Analysis

The pharmacokinetic parameters analyzed included peak plasma concentration (Cmax),
time to reach peak plasma concentration (Tmax), area under the plasma concentration versus
time curve (AUC0–24h), elimination half-life (T 1

2
), elimination rate constant (Kel), apparent

volume of distribution (Vd), and clearance (Cl).

3.7. Statistical Analysis

Data of all the experiments were expressed as the mean value± SD. One-way ANOVA
with Tukey test was used to compare means at the statistical significance level of 95% level
of confidence, p < 0.05 (Statistica v. 12 StatSoft Inc., Tulsa, OK, USA).

4. Conclusions

This study investigated the pharmacokinetic profile of a nanostructured drug deliv-
ery system consisting of NLCs encapsulating the drug POH. The findings demonstrate
notable advantages of the formulation compared with the free drug form. Specifically,
the NLCs exhibited prolonged absorption time and elevated drug concentration in the
bloodstream, indicating enhanced systemic exposure. Moreover, the NLCs demonstrated
enhanced selectivity for brain delivery, leading to significantly higher levels of the drug in
the brain compared with the free drug. This represents a significant advantage over the free
drug, which exhibits faster clearance and distribution to non-target tissues. This increased
brain bioavailability of POH-loaded NLCs offers promising prospects for the treatment
of glioblastoma multiforme, where efficient drug delivery to the brain is crucial. Looking
ahead, several perspectives emerge from this study. Firstly, further investigations are war-
ranted to elucidate the underlying mechanisms responsible for the enhanced brain delivery
observed with the NLC formulation. Understanding the specific interactions between the
NLCs and the blood–brain barrier can offer valuable insights into optimizing and tailoring
the delivery system for improved efficacy. Additionally, exploring the therapeutic efficacy
of the POH-loaded NLCs in preclinical and clinical studies, particularly in glioblastoma
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models, would provide essential evidence for their potential as a viable treatment strategy.
Lastly, investigating the long-term stability, scalability, and manufacturing feasibility of the
NLC formulation will be crucial for its future translation into clinical applications.
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34. Lasoń, E.; Sikora, E.; Ogonowski, J. Influence of process parameters on properties of Nanostructured Lipid Carriers (NLC)
formulation. Acta Biochim. Pol. 1970, 60, 773–777. [CrossRef]

35. Subramaniam, B.; Siddik, Z.H.; Nagoor, N.H. Optimization of nanostructured lipid carriers: Understanding the types, designs,
and parameters in the process of formulations. J. Nanoparticle Res. 2020, 22, 141. [CrossRef]

36. Fatouh, A.M.; Elshafeey, A.H.; Abdelbary, A. Intranasal agomelatine solid lipid nanoparticles to enhance brain delivery:
Formulation, optimization and in vivo pharmacokinetics. Drug Des. Dev. Ther. 2017, 11, 1815–1825. [CrossRef] [PubMed]

37. Elmowafy, M.; Ibrahim, H.M.; Ahmed, M.A.; Shalaby, K.; Salama, A.; Hefesha, H. Atorvastatin-loaded nanostructured lipid
carriers (NLCs): Strategy to overcome oral delivery drawbacks. Drug Deliv. 2017, 24, 932–941. [CrossRef] [PubMed]

38. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef]

39. Han, F.; Li, S.; Yin, R.; Liu, H.; Xu, L. Effect of surfactants on the formation and characterization of a new type of colloidal drug
delivery system: Nanostructured lipid carriers. Colloids Surfaces A: Physicochem. Eng. Asp. 2008, 315, 210–216. [CrossRef]
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Abstract: Glaucoma is a progressive optic neuropathy characterized by a rise in the intraocular pres-
sure (IOP) leading to optic nerve damage. Bimatoprost is a prostaglandin analogue used to reduce the
elevated IOP in patients with glaucoma. The currently available dosage forms for Bimatoprost suffer
from relatively low ocular bioavailability. The objective of this study was to fabricate and optimize
solid lipid nanoparticles (SLNs) containing Bimatoprost for ocular administration for the manage-
ment of glaucoma. Bimatoprost-loaded SLNs were fabricated by solvent evaporation/ultrasonication
technique. Glyceryl Monostearate (GMS) was adopted as solid lipid and poloxamer 407 as surfactant.
Optimization of SLNs was conducted by central composite design. The optimized formulation was
assessed for average particle size, entrapment efficiency (%), zeta potential, surface morphology, drug
release study, sterility test, isotonicity test, Hen’s egg test-chorioallantoic membrane (HET-CAM) test
and histopathology studies. The optimized Bimatoprost-loaded SLNs formulation had an average
size of 183.3 ± 13.3 nm, zeta potential of −9.96 ± 1.2 mV, and encapsulation efficiency percentage
of 71.8 ± 1.1%. Transmission electron microscopy (TEM) study revealed the nearly smooth surface
of formulated particles with a nano-scale size range. In addition, SLNs significantly sustained Bi-
matoprost release for up to 12 h, compared to free drug (p < 005). Most importantly, HET-CAM test
nullified the irritancy of the formulation was verified its tolerability upon ocular use, as manifested
by a significant reduction in mean irritation score, compared to positive control (1% sodium dodecyl
sulfate; p < 0.001). Histopathology study inferred the absence of any signs of cornea tissue damage
upon treatment with Bimatoprost optimized formulation. Collectively, it was concluded that SLNs
might represent a viable vehicle for enhancing the corneal permeation and ocular bioavailability of
Bimatoprost for the management of glaucoma.

Keywords: bimatoprost; central composite design; glaucoma; HET-CAM test; solid lipid
nanoparticles (SLNs)
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1. Introduction

Glaucoma is a progressive ocular neuropathy that is distinguished by an increment
in the intraocular pressure (IOP) predisposing damage to the optic nerve [1]. Glaucoma
has been called the silent killer of sight as it begins with minor symptoms and if it left
untreated, permanent vision loss can occur. Worldwide, glaucoma is the second leading
cause of blindness [2]. Currently, various drugs are available for the treatment of glaucoma.

Prostaglandins are considered the first-line treatment option for glaucoma. Bimato-
prost is a prostaglandin analogue adopted to reduce the elevated intra ocular pressure (IOP)
in patients suffering from glaucoma [3]. It is also used for reducing the ocular hyperten-
sion [4]. It was officially approved by FDA in the year 2001 for ocular hypertension [5] and
later in 2008 for hypotricosis [6]. Bimatoprost has been reported to reduce the increased IOP
in patients by boosting the aqueous humor outflow through trabecular meshwork and the
uveoscleral pathway [7]. It also increases the production of aqueous humor in the eye that
prevents the damage to optic nerve [8]. Bimatoprost has good corneal absorption; it reaches
the plasma peak concentration after 10 min and then gets reduced after 1.5 h. Nevertheless,
conventional Bimatoprost dosage forms, such as eye drops, show limitations such as lower
bioavailability and shorter precorneal residence time. In addition, the commercial formula-
tion of Bimatoprost (LumiganTM) contains benzalkonium chloride, which exerts adverse
effects such as eye edema, discomfort, burning, or itching [9]. Furthermore, despite the
efficacy of recently adopted approaches, such as nanosponge [10], ocular inserts [11], and
intracameral implants [12], in enhancing Bimatoprost corneal accessibility, these treatment
strategies usually need a surgical procedure, which might be problematic for patients.

Ocular drug delivery is considered one of the most difficult tasks confronting phar-
maceutical scientists. The poor intraocular bioavailability of conventional ocular delivery
systems, caused by high rates of drug dilution and elimination, along with, limited corneal
permeability [13,14], usually demand either increased frequency of administration or higher
drug levels in the formulation, which may result in problems with patient compliance
or potential overdosing. To overcome these problems, novel delivery systems have been
introduced, including ocular implants [12], liposomes [15], nanoparticles [16], or in situ
gels [17]. Among them, solid lipid nanoparticles (SLNs) have evolved as a viable ocular
drug delivery vehicle because of their potential to enhance corneal drug permeation [18].

Solid lipid nanoparticle (SLN) are minute colloidal carrier systems with particle size
range of 10–1000 nm. Solid lipid nanoparticles represent a viable option for ocular delivery
for its inherent properties such as biocompatibility, non-toxicity, and higher stability [19].
In addition, the nanosize range of SLN bestows them with prolonged pre-corneal residence
time, controlled drug delivery, enhanced corneal absorption, and thereby, enhanced drug
bioavailability. Several studies have addressed the ability of drug-loaded SLNs to effectively
cross the corneal epithelium due to its lipophilic properties [19–21]. Furthermore, SLN
offers the advantages of the ability to encapsulate both hydrophilic and lipophilic drugs,
high drug loading efficiency, and ease of large-scale production [22,23].

In this study, Bimatoprost-loaded SLNs were formulated to improve the therapeutic
effectiveness of drug for the management of glaucoma. Central composite design (CCD)
was adopted for the optimization of Bimatoprost-loaded SLNs investigating the impact of
two independent factor, drug: lipid ratio (w:w) and sonication time (min) on two product
responses; particle size and entrapment efficiency. Further, the optimized Bimatoprost-
loaded SLNs was subjected for evaluation parameters such as mean particle size, zeta
potential, TEM analysis, drug release study, sterility test, isotonicity test, HET-CAM test
and histopathology studies.

2. Results and Discussion
2.1. Preformulation Studies

FTIR studies were carried out to assess the compatibility of drug with lipid used for
preparing the Bimatoprost-loaded SLNs. The FTIR spectra of pure Bimatoprost, glyceryl
monostearate (GMS) and physical mixture of drug and GMS are depicted in Figure 1. The
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FTIR spectrum of Bimatoprost showed characteristic peaks at 3324, 1618, 3427 and 3023
cm−1 corresponding to O-H stretching, N-C=O (amide) stretching, N-H (secondary amine)
stretching and aliphatic C-H (stretching) groups. For GMS, the FTIR spectrum showed
absorption peaks at 1218, 1730, 2951 and 3310 cm−1 demonstrating the characteristic
function groups of C-O-C (ether) stretching, C=O (carbonyl), aliphatic C-H stretching and
O-H (hydroxyl) groups, respectively. Of interest, the FTIR spectrum obtained for physical
mixture of Bimatoprost and GMS exhibited prominent peaks at 3306, 1637, and 2915 cm−1

corresponding to the O-H (alcohol) stretching, N-C=O (amide) stretching, aliphatic C-H
stretching functional groups. From the FTIR interpretation, it was evident that there was
no interaction between the drug and lipid. Therefore, this study claimed that Bimatoprost
was compatible with GMS.

Figure 1. FTIR spectra of Bimatoprost, GMS, and their physical mixture.

2.2. Preparation of Bimatoprost-Loaded SLNs

A central composite statistical approach was adopted for the formulation of Bimatoprost-
loaded SLNs and to study the impact of two independent factors; namely drug:lipid ratio
and sonication time, on product characteristics. The influence of these factors on particle
size and entrapment efficiency (%) was investigated as depicted by the 3D surface plots.
Considering these two factors, a total of 13 formulation trials at different levels of indepen-
dent factors were prepared. All the fabricated formulation trials were then evaluated for
particle size and entrapment efficiency (%). The optimization was aimed at minimizing the
particle size and maximizing the entrapment efficiency (%). The central composite design
generated trails with variable particle sizes and entrapment efficiency (%) illustrated in
the Table 1.
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Table 1. Central composite design batches with results of dependent factors for Bimatoprost SLNs.

Formula A: Drug:Lipid Ratio
(w:w)

B: Sonication
Time (min)

R1: Particle Size
(nm)

R2: Entrapment
Efficiency (%)

1 0 0 184.7 ± 11.4 72.7 ± 2.4
2 −1 −1 269.8 ± 18.2 61.4 ± 1.9
3 −1 1 244.3 ± 13.7 68.5 ± 1.1
4 0 0 188.6 ± 9.5 71.4 ± 2.1
5 0 0 185.5 ± 7.6 72.8 ± 1.8
6 0 0 192.8 ± 11.1 70.4 ± 1.6
7 0 0 198.4 ± 12.4 72.6 ± 1.9
8 0 −1.41421 248.2 ± 18.6 69.7 ± 0.9
9 0 1.41421 178.6 ± 9.3 78.6 ± 1.3

10 1 −1 310.6 ± 19.5 70.4 ± 2.5
11 1 1 232.6 ± 11.6 72.3 ± 1.7
12 1.41421 0 322.3 ± 17.6 69.3 ± 0.8
13 −1.41421 0 272.8 ± 12.3 60.8 ± 1.1

2.2.1. Effect of Formulation Variables on Particle Size

Generally, nanoparticles having an average particle size smaller than 200 nm are
thought to be optimum for ocular delivery because of their enhanced penetration through
the corneal barriers [24]. In this study, the particle size of all Bimatoprost-loaded SLNs was
ranging from 178.6 ± 9.3 to 322.3 ± 17.6 nm. The data for particle size (R1) were fitted into
several polynomial models. ANOVA analysis (Table S1) revealed that R1 was best fitted in
a quadratic response surface model (Equation (1)).

Particle size (R1) = +190.00 + 12.39 A − 25.24 B − 13.12 AB + 55.99 A2 + 13.91 B2 (1)

The impact of independent variables on particle size was analyzed by the 3D surface
plot obtained from the data of study with the Design Expert software (Figure 2A). The
surface plots obtained with particle size showed a synergistic effect of drug:lipid ratio on
SLNs particle size. Increasing lipid ratio from 1:1 to 1:5 resulted in a significant increase
of particle size. By fixing the sonication time, the particle size of SLNs prepared with a
drug:lipid ratio of 1:5 (F10; 310.6 ± 19.5 nm) was remarkably higher than that prepared at
1:1 drug:lipid ratio (F2; 269.8 ± 18.2 nm). This effect might be ascribed to the increase in
the viscosity of the organic phase at higher polymer concentrations, which in turn, would
increase the tendency of the lipid to coalesce, leading to the formation of larger nanoparti-
cles. Similar results were obtained by Tiwari et al. [25] who reported the positive effect of
increasing lipid content on the particle size of terbinafine hydrochloride-loaded SLNs.

Sonication energy played a crucial role in formation of the emulsion, and thus signifi-
cantly affected the particle size of SLNs. The sonication energy was varied by altering the
sonication period (5 to 15 min) while maintaining a constant power. Herein, sonication time
was found to exert an antagonistic effect on particle size of SLNs. At fixed drug:lipid ratio,
the particle size of Bimatoprost-loaded SLNs dramatically decreased from 310.6 ± 19.5 nm
(F10) to 232.6 ± 11.6 nm (F11) as the sonication time increased from 5 min to 15 min.
Collectively, these results revealed the pronounced effects of formulation variables on
particle size.
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2.2.2. Effect of Formulation Variables on Entrapment Efficiency Percentage

Entrapment efficiency is a crucial measure for characterizing solid lipid nanoparticles.
In order to obtain an optimum encapsulation efficiency, several factors, including drug:lipid
ratio and sonication time, were varied, and the entrapment efficiency was calculated. As
depicted in Table 2, the percentage entrapment efficiency fluctuated from 60.8 ± 1.1 to
78.6 ± 1.3%. The data for entrapment efficiency (R2) were fitted into several polynomial
models. ANOVA analysis (Table S1) revealed that R2 was best fitted in a quadratic response
surface model (Equation (2)).

Entrapment efficiency (%) (R2) = +71.98 + 3.10 A − 2.70 B − 1.30 AB − 3.83 A2 + 0.72 B2 (2)

Table 2. Sterility test results for optimized formulation.

Test Microorganism Positive Control Negative Control Optimized Formulation

Staphylococcous aureus + − −
Bacilus subtilus + − −
Candida albicans + − −

Asperges brasiliensis + − −
where: + sign indicates microbial growth, while − sign indicates no microbial growth.

In addition, the influence of independent variables on entrapment efficiency was
represented by the 3D surface plot (Figure 2B). It was evident that drug:lipid ratio exerted
a positive effect on drug entrapment within SLNs. The entrapment efficiency rose from
61.4 ± 1.9% (F2) to 72.3 ± 1.7% (F10) when the drug-to-lipid weight ratio was changed from
1:1 to 1:5, indicating that the greater the lipid ratio, the higher the entrapment efficiency.
This pattern was consistent with previous literature [26,27]. This synergistic effect of
lipid content on drug entrapment efficiency might be explained, on the one hand, to the
availability of higher space to accommodate more drug at higher lipid content [28], and
on the other hand, to the elevated viscosity of the medium at higher lipid content, which
result in rapid solidification of the nanoparticles, and thereby, constrain the leakage of drug
to the external medium [29].

Similarly, sonication time has been verified to exert a synergistic effect on drug en-
trapment within SLNs. At fixed drug:lipid ratio, the entrapment efficiency percentage
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was increased as the sonication time increased from 5 min to 15 min. A higher entrap-
ment efficiency (68.5 ± 1.1%; F3) was achieved when Bimatoprost-loaded SNLs dispersion
was processed by probe-sonication for 20 min, compared to those sonicated for 5 min
(F2; 61.4 ± 1.9%). This effect might be ascribed to the increased drug solubility in the
lipid core upon increasing sonication time, which in turn, would increase the entrapment
efficiency [21]. Similar findings were reported by Nair et al. who emphasized the positive
effect of increasing sonication time on the entrapment of clarithromycin within solid lipid
nanoparticles [30].

2.2.3. Numerical Optimization of Bimatoprost-Loaded SLNs

In order to obtain an optimized Bimatoprost-loaded SLN formulation, a numerical
optimization analysis was carried out using Design-Expert® software employing the desir-
ability function. The suggested formulation variables for the fabrication of the optimized
Bimatoprost-loaded SLN formulation, obtained at a desirability of 0.936, was drug:lipid
ratio of 1:3, and a sonication time of 20 min. The prepared optimized Bimatoprost-loaded
SLNs was found to fulfill the requisites of a minimum particle size and maximum entrap-
ment efficiency set by the design constrains for an optimum formulation. The estimated
vesicle size was 183.3 ± 13.3 nm, and the % EE was 71.8 ± 1.1%, which were comparable to
the predicted values for vesicle size and % EE (178.7 nm, and 75.4%, respectively).

2.3. Evaluation of Optimized Formulation of Bimatoprost SLNs
2.3.1. Particle Size and PDI

The average particle size of optimized Bimatoprost-loaded SLNs was found to be
183.3 ± 13.3 nm (Figure 3A), which is considered within the optimum size range (<200 nm)
for ocular administration [24]. Polydispersity index (PDI) is another important parameter
for characterizing nanodispersions. PDI is considered a measure of the heterogeneity of a
sample based on size. Generally, colloidal particles with PDIs values less than 0.3 denotes
homogenous size distribution. In this study, the PDI of optimized Bimatoprost-loaded
SLNs was 0.205, indicating high particle homogeneity [31].
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2.3.2. Zeta Potential

The magnitude of the zeta potential of colloidal particles provides an indication
of their physical stability. Colloidal particles with either large positive or negative zeta
potential tend to repel each other, and thereby, enhance the overall stability of the colloidal
system [32]. The zeta potential of optimized Bimatoprost-loaded SLNs was found to be
−9.96 ± 1.2 mV (Figure 3B). This relatively negatively charged surface of the prepared
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SLNs, along with the lower PDI value, is assumed to participate to the physical stability of
formulated SLNs.

2.3.3. TEM Study

The surface morphology and particle size distribution of optimized formulation were
evaluated by TEM analysis. As depicted in Figure 4, the optimized drug-loaded SLNs
exerted a discrete structure with a nearly smooth surface. In addition, particle size of the
optimized SLNs determined by TEM was in the range of 150–200 nm, which is close to that
determined by dynamic light scattering technique.
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2.4. In Vitro Drug Release Study

The in vitro dissolution/release profiles of both free Bimatoprost and optimized drug-
loaded SLNs were illustrated in Figure 5. The study was conducted using simulated tear
fluid (STF) as dissolution media using Franz diffusion cell. As shown in Figure 5, free
Bimatoprost was released immediately from Bimatoprost solution with more than 95% of
the drug released within the first 4 h. On the other hand, entrapment of Bimatoprost within
SLNs remarkably prolonged the drug release for up to 12 h. Of interest, Bimatoprost-loaded
SLNs showed a biphasic release pattern, with more than 25% of entrapped Bimatoprost
was released from the SLNs during the first 3 h, followed by a sustained release over 12 h,
with up to 60% of drug released at the end of release study. The initial rapid drug release
from SLNs might be accounted for the ready dissolution of drug molecules adsorbed at
the surface of SLNs, while the subsequent sustained drug release might be ascribed to the
increase in the diffusion pathlength for drug molecules that are efficiently entrapped within
the inner core of SLNs.
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The in vitro release profile of the optimized Bimatoprost-loaded SLNs was fitted to
various kinetics models, i.e., zero order, first order, Highuchi release and Kores-peppas
models. Fitting the release data into these release kinetic models demonstrated that Bimato-
prost release from SLNs followed the Higuchi kinetics, indicating a diffusion-controlled
mechanism (Table S2).

2.5. Stability Studies

The stability of colloidal dispersions is considered a crucial parameter for ensuring
their satisfactory use. The stability data for optimized Bimatoprost-loaded SLNs are
summarized in Table S3. The optimized formula was found to be stable upon storage
as manifested by slight changes in the particle size, zeta potential and percentage drug
entrapment at 8 weeks post storage compared to fresh samples.

2.6. Sterility Test

Generally, all ophthalmic preparations must fulfill a variety of safety and effectiveness
standards, including product sterility. Sterility is defined as the lack of live microbial
contamination, which if present in such formulations, might result in eye infections with
potentially serious consequences. As summarized in Table 2, sterility testing confirmed the
absence of any signs of either bacterial or fungal growth with the optimized formulation
when compared with positive control. These results that optimized Bimatoprost SLNs
formulation meets the criterion of sterility required for ophthalmic preparations.

2.7. Isotonicity Test

Isotonicity is another important feature of ophthalmic products. Isotonicity must
be maintained to avoid tissue damage or eye discomfort [33]. Isotonic solutions keep
blood cells intact, whereas hypotonic solutions cause cell bulging and hypertonic solutions
cause cell shrinkage. As shown in Figure 6, microscopical examination of red blood cells
(RBCs) upon treatment with few drops of optimized Bimatoprost-loaded SLNs revealed
the absence of any alteration in RBCs shape, and the effect of drug-loaded SLNs on RBCs
was comparable to that of marketed eye drops on RBCs. These results confirmed the safety
of drug-loaded SLNs for ophthalmic application.
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2.8. Ocular Irritation (HET-CAM) Test

In this study, the Hen’s Egg Test on the ChorioAllantoic Membrane (HET-CAM) has
been adopted as an alternative method to animal (Draize eye test) experimentation to
evaluate the possible ocular irritation elicited by Bimatoprost-loaded SLNs [34]. In HET-
CAM test, the optimized SLNs formulation was tested on chorioallantonic membrane,
which mimics the structure of ocular membrane. The potential ocular irritancy of test
formulation was investigated visually via recording the morphological changes in the CAM
such as vascular lysis, coagulation and hemorrhage [35]. The mean irritation scores of test
formulation, positive and negative controls were represented in Table 3. As illustrated
in Table 3, the negative control (0.9% NaCl solution) had mean irritation score of ~ 0
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with no signs of any ocular irritation (Figure 7A). On the other hand, the mean irritation
score of positive control (1% SDS) was found to be 15.68, reflecting the induction of
severe irritation as manifested by blood vessel lysis and severe hemorrhage in the CAM
(Figure 7B). Of interest, the optimized formulation showed a mean irritation score of 0.02
with no signs of any ocular irritation in the CAM when compared with positive control
(Figure 7C). Therefore, the study claimed that Bimatoprost-loaded SLNs were safe for
ocular administration since it induced no signs of ocular irritation.

Table 3. Mean irritation scores of HET-CAM test.

Test Compound Mean Irritation Score Inference

Negative control (0.9% NaCl) 0.01 ± 0.01 No irritation
Optimized Bimatoprost SLNs 0.02 ± 0.01 No irritation

Positive control (1% SDS) 15.68 ± 0.78 Severe irritationPharmaceuticals 2023, 16, x FOR PEER REVIEW 10 of 16 
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2.9. Ex Vivo Histopathology Study

Histopathology studies were performed to address the occurrence of any changes or
damage to corneal tissue upon optimized formula application. The histopathology images
were depicted in Figure 8. The cornea treated with 0.9% sodium chloride solution (negative
control) exhibited no signs of tissue injury (Figure 8A). Interestingly, cornea treated with
optimized Bimatoprost-loaded SLNs showed no detrimental impact on corneal epithelium,
endothelium, or stroma, indicating no or mild corneal toxicity. The corneal epithelium was
intact and was found to be attached to Bowman’s membrane (Figure 8B). These findings
confirmed that the optimized formulation was non-toxic to the corneal membrane.
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thelium, endothelium, or stroma, indicating no or mild corneal toxicity. The corneal epi-
thelium was intact and was found to be attached to Bowman’s membrane (Figure 8B). 
These findings confirmed that the optimized formulation was non-toxic to the corneal 
membrane. 

 
Figure 8. Ex vivo histopathology images of corneal membrane treated with (A) 0.9 NaCl solution 
and (B) optimized Bimatoprost-loaded SLNs. Scale bare 25 µm. 

3. Materials and Methods 
3.1. Materials 

Bimatoprost was obtained from Dr. Pradeep Reddy Laboratories (Hyderabad, India). 
Glyceryl monostearate (GMS), chloroform, dimethyl sulfoxide (DMSO), sodium chloride, 
dibasic sodium phosphate and benzalkonium chloride were procured from Loba Chemie 
(Mumbai, India). 

3.2. Drug-Lipid Compatibility by FTIR (Fourier Transform Infrared) Spectroscopy  
For preparing Bimatoprost-loaded SLNs, glyceryl monostearate (GMS) was selected 

as lipid carrier and its compatibility with the drug was assessed by FTIR spectroscopy 
using IR spectrophotometer (Bruker, Billerica, MA, USA) [36]. The study involved getting 
the IR peaks of drug, lipid and their physical mixture and the obtained peaks were re-
ferred with standards and interpretation was done to confirm whether the drug and lipid 
used in the study are compatible with one another or not. 

3.3. Preparation of Bimatoprost-Loaded SLNs  
Bimatoprost-loaded SLNs were fabricated by solvent evaporation method and ultra-

sonication technique using probe sonicator [37]. Briefly, accurately weighed amount of 
the drug and GMS were dissolved in chloroform/dimethyl sulfoxide mixture (1:1 v/v). In 
another beaker, 5% of poloxamer 407 was dissolved in 15 mL of distilled water by mag-
netic stirring. To this surfactant solution, the organic solvents containing drug and GMS 
mixture was slowly added drop by drop and the mixture was heated at 60–70 °C to evap-
orate the organic solvents followed by magnetic stirring. The SLNs dispersion was stirred 
for time period of 5 h. Finally, SLNs dispersion was subjected to probe sonication for fur-
ther particle size reduction. The resultant dispersion was sterilized by filtering through a 
0.22 µm pore size membrane and kept under refrigeration (2–8 °C) until use. 

Figure 8. Ex vivo histopathology images of corneal membrane treated with (A) 0.9 NaCl solution
and (B) optimized Bimatoprost-loaded SLNs. Scale bare 25 µm.
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3. Materials and Methods
3.1. Materials

Bimatoprost was obtained from Dr. Pradeep Reddy Laboratories (Hyderabad, India).
Glyceryl monostearate (GMS), chloroform, dimethyl sulfoxide (DMSO), sodium chloride,
dibasic sodium phosphate and benzalkonium chloride were procured from Loba Chemie
(Mumbai, India).

3.2. Drug-Lipid Compatibility by FTIR (Fourier Transform Infrared) Spectroscopy

For preparing Bimatoprost-loaded SLNs, glyceryl monostearate (GMS) was selected as
lipid carrier and its compatibility with the drug was assessed by FTIR spectroscopy using
IR spectrophotometer (Bruker, Billerica, MA, USA) [36]. The study involved getting the IR
peaks of drug, lipid and their physical mixture and the obtained peaks were referred with
standards and interpretation was done to confirm whether the drug and lipid used in the
study are compatible with one another or not.

3.3. Preparation of Bimatoprost-Loaded SLNs

Bimatoprost-loaded SLNs were fabricated by solvent evaporation method and ultra-
sonication technique using probe sonicator [37]. Briefly, accurately weighed amount of
the drug and GMS were dissolved in chloroform/dimethyl sulfoxide mixture (1:1 v/v). In
another beaker, 5% of poloxamer 407 was dissolved in 15 mL of distilled water by magnetic
stirring. To this surfactant solution, the organic solvents containing drug and GMS mixture
was slowly added drop by drop and the mixture was heated at 60–70 ◦C to evaporate the
organic solvents followed by magnetic stirring. The SLNs dispersion was stirred for time
period of 5 h. Finally, SLNs dispersion was subjected to probe sonication for further particle
size reduction. The resultant dispersion was sterilized by filtering through a 0.22 µm pore
size membrane and kept under refrigeration (2–8 ◦C) until use.

3.4. Optimization of Bimatoprost-Loaded SLNs

A central composite design (CCD) was used for optimization of Bimatoprost-loaded
SLNs by varying drug:lipid ratio and sonication time as independent factors. The depen-
dent factors considered were particle size (R1) and percentage entrapment efficiency (R2).
The impact of independent formulation variables on dependent responses was investigated
from three-dimensional (3D) surface plots constructed from the design study. Optimization
study was done with Design Expert® software (Version 12; Stat-Ease, Inc., Minneapolis,
MN, USA) which provided 13 experimental runs at different drug:lipid ratios and sonica-
tion times (low, medium and high). All the 13 formulations were evaluated for the particle
size and entrapment efficiency (%) and these data were analyzed for final optimization. The
dependent and independent factors with actual levels of factorial design were represented
in Table 4.

Table 4. Central composite design with coded values of factors.

Factors Levels, Actual (Coded)

Independent Factors −1
(Low)

0
(Medium)

+1
(High)

A = Drug:lipid ratio (w:w) 1:1 1:3 1:5
B = Sonication time (in) 5 10 15

Dependent factors

Particle size (nm) (R1)
Entrapment efficiency % (R2)
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3.5. Evaluation of Bimatoprost-Loaded SLNs
3.5.1. Particle Size, Polydispersity Index (PDI) and Zeta-Potential

Particle size and PDI of all the SLNs were measured with zeta sizer (Malvern Instru-
ments Ltd., Worcestershire, UK). Few drops of the formulation were placed in a cuvette cell
and exposed to the laser beam. The intensity of scattered light were adopted to estimate
the particle sizes of the samples [38].

The zeta potential was measured for the optimized formulation with zeta sizer
(Malvern Instruments Ltd., Worcestershire, UK) [39].

3.5.2. Entrapment Efficiency (%)

Entrapment efficiency (%) gives information about the percentage of drug encapsu-
lated within the lipid nanoparticles. The entrapment efficiency (%) of Bimatoprost-loaded
SLNs was estimated indirectly by separating Bimatoprost-loaded SLNs from the super-
natant containing free Bimatoprost by centrifugation at 15,000 rpm for about 30 min. The
concentration of free drug in supernatant was quantified spectrophotometrically at 294 nm.
The entrapment efficiency (%) was calculated using the following formula [40]:

%EE =
Total initial amount of drug − Free drug

Total initial amount of drug

3.5.3. Transmission Electron Microscopy (TEM) Study

The surface morphology, particle size range and the particle size distribution of
optimized formulation was determined by TEM study. For this purpose, few drops of
formulation were placed on 300 mesh copper grid (copper coated film) and allowed to air
dry for 10 min. For staining the sample, 2% w/v of phosphotungstic acid was applied for
about 2 min, and excess of liquid was dried with filter paper the sample was subsequently
placed in transmission electron microscope. Later, TEM photographs were taken and
examined for size distribution analysis [41].

3.6. Stability Study

The stability study of optimized formulation was carried out by storing SLNs at
4 ± 1 ◦C in glass vials for 2 months. The alteration in particle size, zeta potential and/or
entrapment efficiency was assessed at entrapment efficiency at 0, 4, and 8-weeks following
storage [42].

3.7. In Vitro Drug Release Study

The in vitro drug release from optimized formulation was conducted using modified
Franz diffusion cell at 37 ± 0.5 ◦C under stirring at 50 rpm. Briefly, a dialysis membrane,
previously soaked in the simulated tear fluid (STF) for overnight, was fitted in-between the
receptor and donor compartments of diffusion cell. The receptor compartment was filled
with 25 mL of freshly prepared STF (pH 7.4). A definite weight of formulation (containing
2 mg of drug) was placed in the donor compartment. Drug release study was lasted for 12 h
during which aliquot samples (1 mL) from receptor compartment were taken at scheduled
time points and were replaced with same amounts of STF to maintain sink condition. The
samples were diluted with STF and their absorbances were measured at 294 nm using
spectrophotometer. The obtained data was further converted to percentage cumulative
drug release (% CDR).

Finally, drug release data of optimized formulation was fitted into different drug
release kinetic models such as zero order, first order, Highuchi release and Kores-peppas
release studies. The best kinetic model was predicted with that highest regression value
(R2) obtained [43].
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3.8. Sterility Test

Sterility is one of the vital characteristic features of ophthalmic formulation. Sterility
of optimized formulation was evaluated by following the direct inoculation method. The
procedure of the method was described in Indian Pharmacopoeia (IP). The formulation was
tested against two species of bacteria (Staphylococcous aureus and Bacilus subtilus) and two
fungi species (Candida albicans and Asperges brasiliensis) inoculated in fluid thioglycolate
medium for bacteria and soyabean casein digest medium for fungi in test tubes. The
inoculated test tubes were incubated for a period of 7 days. After 7 days of incubation, the
samples were tested for sterility by comparing the test sample with positive and negative
controls [44].

3.9. Isotonicity Test

Isotonicity is one of the important characteristics of ophthalmic formulation. The
formulation should be isotonic with blood for safe administration. Isotonicity of the
formulation was checked with human blood. Few drops of optimized formulation were
mixed with human blood and microscopically examined for the physical appearance of
RBCs. The study was compared with the marketed eye drops of Bimatoprost to check if
there is any variation in the RBCs shape and also to visualize any shrinkage and bulginess
of RBCs [45].

3.10. Ocular Irritancy by HET-CAM Test

The ocular irritancy of the optimized formulation was examined by Hen’s egg test-
chorioallantoic membrane (HET-CAM). The chorioallantoic membrane (CAM) was de-
veloped in freshly collected fertile eggs. The eggs were kept on a tray and incubated at
37 ± 0.5 ◦C and at relative humidity of 55 ± 5% for a period of 5 days. Each day, the
eggs were rotated manually 5 times for complete fertilization. After 5 days, the eggs were
examined for the growth of embryo by candling them under flashlight. The non-viable
eggs were discarded, while the viable eggs were further incubated till day 10. On the 10th
day, all the eggs were removed from the incubator, the eggshell was broken with a blade
without harming the embryo (CAM) present inside the egg. CAM of eggs was treated
with 0.3 mL of optimized formulation, 0.3 mL of Sodium dodecyl sulfate (1%) as positive
control and 0.3 mL of 0.9% Sodium chloride (NaCl) as negative control. CAM of eggs was
observed visually for a time period of 5 min for the irritation signs like lysis of blood vessels,
coagulation and hemorrhage. The mean irritation scores of all respective samples were
determined and based on the irritation score value, the irritancy level was determined [46].
The irritation score was estimated using the following formula [9] and the level of irritancy
with standard score range is represented in Table 5.

Irritation score(IS) =
301 − Hemorrhage

300
× 5 +

301 − lysis
300

× 7 +
301 − coagulation

300
× 9

where, all the values of coagulation, lysis and hemorrhage are recorded in seconds.

Table 5. HET-CAM test irritation score chart.

Irritation Score Mean Score Value Level of Irritation

0–0.9 0 No irritation
1–4.9 1 Slight irritation
5–8.9 2 Moderate irritation
9–21 3 Severe irritation

3.11. Ex Vivo Histopathology Study

Histopathology study was carried out to evaluate the effect of formulation on the
corneal tissue and its integrity. Goat corneas were isolated from the whole goat eyes that are
procured from the slaughterhouse. Corneal layer with sclera tissue was carefully removed
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by using sterile scissors and preserved in normal saline to retain the tissue consistency. The
corneas were treated with optimized formulation (Test). For comparison purpose, untreated
cornea was used as negative control. All the corneas were immersed in 8% formalin and
left for about 8 h. Later, the corneas were hydrated by washing with ethyl alcohol and
distilled water. The corneal tissue was stained with hematoxylin and eosin and the images
of all the corneas were taken and the assessment was to check any morphological changes
found in corneas treated with test sample [47].

3.12. Statistical Analysis

All values were expressed as mean ± standard deviation. An unpaired Student’s t-test
and one-way ANOVA (GraphPad Software, Version 6, San Diego, CA, USA) were used for
statistical analysis. A p value less than 0.05 implies a significant difference.

4. Conclusions

In this study, Bimatoprost-loaded SLNs were developed and optimized for ocular
administration. The prepared drug loaded SLNs exhibited smooth surfaces with nano-scale
size range. In vitro drug release study revealed the sustained release properties of opti-
mized formulation. Sterility test confirmed the sterile nature of formulation with no signs
of any microbial growth. Most importantly, HET-CAM test nullified the irritancy potential
of optimized formulation against chorioallantonic membrane, claiming the non-irritant
nature of the formulation. In addition, histopathology study verified the tolerability of test
formulation by corneal tissue as manifested by the absence of any signs of corneal tissue
damage. Collectively, it was concluded that Bimatoprost-loaded SLNs might represent a
potential and promising ocular drug delivery approach for the effective management of
glaucoma.
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Abstract: Atopic dermatitis (AD) is a chronic autoimmune inflammatory skin disorder which causes a
significant clinical problem due to its prevalence. The ongoing treatment for AD is aimed at improving
the patient’s quality of life. Additionally, glucocorticoids or immunosuppressants are being used in
systemic therapy. Baricitinib (BNB) is a reversible Janus-associated kinase (JAK)-inhibitor; JAK is an
important kinase involved in different immune responses. We aimed at developing and evaluating
new topical liposomal formulations loaded with BNB for the treatment of flare ups. Three liposomal
formulations were elaborated using POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), CHOL
(Cholesterol) and CER (Ceramide) in different proportions: (i) POPC, (ii) POPC:CHOL (8:2, mol/mol)
and (iii) POPC:CHOL:CER (3.6:2.4:4.0 mol/mol/mol). They were physiochemically characterized
over time. In addition, an in vitro release study, ex vivo permeation and retention studies in altered
human skin (AHS) were also performed. Histological analysis was used to study the tolerance
of the formulations on the skin. Lastly, the HET-CAM test was also performed to evaluate the
irritancy capacity of the formulations, and the modified Draize test was performed to evaluate the
erythema and edema capacity of the formulations on the altered skin. All liposomes showed good
physicochemical properties and were stable for at least one month. POPC:CHOL:CER had the highest
flux and permeation, and the retention in the skin was equal to that of POPC:CHOL. The formulations
exhibited no harmful or irritating effects, and the histological examination revealed no changes in
structure. The three liposomes have shown promising results for the aim of the study.

Keywords: liposomes; baricitinib; JAK-inhibitor; transepidermal delivery; skin permeation

1. Introduction

Lipid-based nanosystems (LBN) are formed through a lipid phase and surfactants [1].
They have demonstrated that they improve the delivery of various active principles to
specific skin layers, with stated localization in the upper layers of the skin [2]. There are
different kinds of LBN: liposomes, ethosomes, transferosomes, solid lipid nanoparticles,
nanostructured lipid carriers, cubosomes, and monoolein aqueous dispersions [3].

The study of liposomes for drug delivery or targeting on specific sites of the body has
been going on since 1970. Liposomes possess structural flexibility in terms of their size,
composition, surface charge, bilayer fluidity, and their capacity to incorporate virtually
any drug irrespective of its solubility, or to display cell-specific ligands on their surface.
Consequently, liposomes can be customized in numerous ways so as to create formulations
that are ideal for clinical use [4].
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The structural similarity between the lipids composing the nano systems and those
composing the skin represents one of the main advantages of LBN, allowing the interaction
between the nanosystem matrix and the stratum corneum [3]. CHOL, CER and free fatty acids
are present in the stratum corneum, the superficial layer of the skin. All of them are involved
in different cellular processes at some level, such as transport functions and immune
activity [5,6]. Different subclasses of CER exist in the skin, all interacting with the lipids [6].
Patients with AD have a different composition of lipids in their skin, and, in particular, this
arises from them having a lower proportion of CER and increased proportions of unsaturated
free fatty acids. These differences with normal skin lead to a different organization of the
lipids in the skin and thus a different skin structure [7–9]. AD affects populations of all
ages, particularly children. It is a worldwide chronic autoimmune inflammatory skin
disorder highly prevalent in developed countries and it has been increasing over the most
recent decades. This disease implies a deterioration of quality of life, worn down by the
symptoms and secondary infections [10]. The treatment of the disease will depend on the
degree to which these manifestations are present in the patients. It is also very important
to be aware of the individual trigger factors so as to avoid them and reduce flare-ups
(Figure 1) [11]. The European Academy of Dermatology and Venereology classifies the
different treatments, grading them into six signs: erythema, exudation, excoriation, dryness,
cracking and lichenification [12]. Additional therapeutic options should be considered in
every treatment phase if established therapy is insufficient or in cases of major infections.
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Baricitinib (BNB) is a reversible Janus-associated kinase (JAK)-inhibitor. JAK is im-
portant because it stimulates the signal transducers and activators of transcription (STAT)
that cause different immune responses. These include monocyte activation, antibody se-
cretion, erythropoiesis and acute phase reactant production [13]. Furthermore, BNB has
recently been introduced orally in cases of moderate-to-severe AD, showing good results in
reducing clinical symptoms and improving the quality of life. The most frequent oral doses
used are 2 and 4 mg, resulting in a therapeutic plasma concentration of 0.055 µg/mL [14].
However, it has some side effects such as infectious diseases, cardiovascular events and
deep venous thrombosis [15]. Topical drug administration is an alternative to avoid sys-
temic effects. To our knowledge, there are no published studies of BNB for the topical
route of administration. The main aim of this work was to develop liposomes loaded
with BNB for topical administration using natural lipids as a possible topical alternative
to the oral route currently available for patients with AD. To achieve this, the follow-
ing specific objectives were set: (i) to study the physicochemical characteristics of each
liposome differentiated by the formulations of three natural lipids: POPC (1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine), CHOL (Cholesterol) and CER (Ceramide) in different
proportions; (ii) to investigate their drug release profile, as well as the permeation of BNB
through physically altered human skin (AHS), the skin being a model of a compromised
permeability barrier, which is a particular feature in AD; and (iii) to study the drug retention
capacity on AHS, and the tolerability of the formulations by a modified Draize rabbit test
and hen’s egg chorioallantoic membrane test (HET-CAM test). It is worth mentioning that
POPC is a natural lipid found in different microorganisms but not in human skin [16],
while CHOL and CER are found in the stratum corneum, as previously mentioned.

2. Results
2.1. Liposomes Physicochemical Characterization

Three liposome formulations were prepared: POPC liposomes, POPC:CHOL lipo-
somes and POPC:CHOL:CER liposomes. The formulations were characterized for pH,
particle size and size distribution, encapsulation efficiency and surface charge. This was
carried out when the formulations were freshly prepared and when they had been stored
at 4 ◦C.

The pH value for all the liposomes prepared was the same (7.4 ± 0.1), which is ade-
quate for atopic skin treatments [17]. Likewise, the liposomal formulations exhibited com-
parable efficiency of encapsulation (EE): EE (%) of 6.21 ± 0.55% for POPC; 5.57 ± 0.50% for
POPC:CHOL; and 6.21 ± 0.63% for POPC:CHOL:CER.

The results of vesicle size, polydispersity index (PDI) and Zeta potential (ZP) for each
liposome are presented in Table 1. All liposomes share similar characteristics, except for
liposome POPC:CHOL:CER, which has a higher ZP.

Table 1. Liposomes composition: hydrodynamic diameter, PDI and ZP; and physical stability for
1 month. The results are presented as mean ± SD (n = 3).

Composition Hydrodynamic Diameter (nm) PDI Zeta Potential (mV)

1 Day 1 Month 1 Day 1 Month 1 Day 1 Month

POPC 86.0 ± 1.4 86.9 ± 1.1 0.120 0.119 −14.2 ± 0.3 −13.9 ± 0.8
POPC:CHOL

(8:2, mol/mol) 53.5 ± 0.9 55.4 ± 1.3 0.174 0.172 −13.2 ± 1.3 −13.5 ± 0.9

POPC:CHOL:CER
(3.6:2.4:4.0 mol/mol/mol) 64.1 ± 0.3 65.0 ± 0.7 0.120 0.117 −18.3 ± 1.9 −18.1 ± 1.3

A one-way ANOVA test was carried out and then followed by Tukey’s multiple comparison test. All three
liposome sizes are statistically different from each other (p < 0.0001). Similarly, the ZP of POPC:CHOL:CER is
different from the other two liposomes (p < 0.05). Liposome POPC and POPC:CHOL do not have a significantly
different ZP compared to each other.
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These values were also calculated one month after their elaboration and no-significant
change was observed, the maximum being 4%.

2.2. In Vitro Drug Release Study

The drug release from the liposomes was evaluated by Franz diffusion cells using a
dialysis membrane at the cutaneous temperature, 32 ◦C, yielding the cumulative amount of
BNB released as a function of time. The data were then fitted to different kinetic models. The
BNB release profiles from the three liposomes varied; Table 2 indicates the corresponding
equations. The liposomes POPC:CHOL:CER and POPC:CHOL fitted a hyperbola model,
while liposome POPC was in accordance with a polynomial (second order) model. The
modeling of the release profile is shown in Figure 2.

Table 2. Liposome formulations’ best-fit values in the kinetic release modeling.

Liposome Equation Best-Fit Values According to the Equation

A B C Bmax (µg) Kd (h)

POPC Polynominal: Second Order
y = A + Bx + Cx2 0.21 0.08 0.002 - -

POPC:CHOL One site binding (hyperbola)
y = Bmaxx/(Kd + x) - - - 18.37 38.34

POPC:CHOL:CER One site binding (hyperbola)
y = Bmaxx/(Kd + x) - - - 5.55 1.45

A, B and C = parabola coefficients. Hyperbola parameters Bmax = maximum amount of BNB that can be released;
and Kd = drug release constant.

The liposome POPC:CHOL:CER releases the drug faster than the other two liposomes;
after 8 h, the release of BNB had already reached a plateau, indicating that the maximum
amount of the drug that could be released had been reached. Nevertheless, the total amount
of drug released is lower than with the other liposomes. In contrast, the liposomes, POPC
and POPC:CHOL, have a sustained release of up to 53 h. At this time, those liposomes
exhibited a 2-fold drug release compared to liposome POPC:CHOL:CER, as demonstrated
in Figure 2.
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Figure 2. The BNB release profiles from liposomes POPC, POPC:CHOL and POPC:CHOL:CER. 
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Figure 3. Non-modelistic parameters of: (a) area under the curve (AUC: µg/h); (b) efficiency (E:%); 
(c) mean release time (MRT: h). A one-way ANOVA test was carried out, followed by Tukey’s mul-
tiple comparison test (* p < 0.05, *** p < 0.0001). The results are presented as the mean ± SD (n = 5). 
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permeation, with liposome POPC:CHOL:CER following behind, and liposome POPC 
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Figure 2. The BNB release profiles from liposomes POPC, POPC:CHOL and POPC:CHOL:CER. BNB
cumulative released amount (µg) vs. time (h). The results are presented as mean ± SD (n = 5).

To compare different drug release profiles, non-modelistic parameters such as area
under the curve (AUC), release efficiency and mean release time (MRT) were calculated.
Figure 3 shows the non-modelistic parameters as well as the statistical parameters test, which
confirmed there were differences between the three liposomes. Liposome POPC:CHOL
displayed the highest values of AUC and the greatest efficiency percentage, but, in contrast,
it has the lowest MRT value.
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Figure 3. Non-modelistic parameters of: (a) area under the curve (AUC: µg/h); (b) efficiency (E:%);
(c) mean release time (MRT: h). A one-way ANOVA test was carried out, followed by Tukey’s multiple
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2.3. Ex Vivo Permeation Study

As with the in vitro drug release study, the amount of BNB that was capable of
permeating through the human skin was evaluated by Franz cells. Since dermatitis atopic
skins present increased permeability relative to healthy skin, the skin was subjected to
microneedles to obtain a more permeable skin (hereinafter AHS) and was then mounted on
the Franz cells.

The permeation profile, as the cumulative amount permeated through AHS over 25 h,
is outlined in Figure 4. It shows that the liposome POPC:CHOL exhibited the highest
permeation, with liposome POPC:CHOL:CER following behind, and liposome POPC
showing the lowest permeation of the three liposomes tested. The permeation parameters
calculated are presented in Table 3.
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Figure 5. Retained amount (µg/cm2) of BNB at 25 h in the AHS. Results are expressed as mean ± SD 
(n = 5). ANOVA test analysis of variance, followed by Tukey’s multiple comparison test, were per-
formed. Statistically significant difference: *** = p < 0.0001; ns = no statistically significant difference. 

2.4. Tolerance Study and Histological Analysis 
2.4.1. In Vivo Tolerance Study 

The tolerability of the liposomal formulations on altered skin (previously subjected 
to microneedle punches) was evaluated on New Zealand rabbits. Figure 6 shows the pro-
gression of altered rabbit’s skin (ARS) monitored for 3 h 30 min after applying xylol so as 
to induce erythema and edema. This was intended to stimulate AD flare-ups. All three 

Figure 4. BNB permeation profile: cumulative amount of BNB permeated (µg) vs. time (h). The
results are presented as mean ± SD (n = 5).

Table 3. Permeation parameters of three liposomes: cumulative amount of BNB permeated at 25 h
(AP25h, µg), flux (Jss, µg/h), permeability coefficient (Kp, cm/h) and predicted steady-state plasma
concentration in human steady state on a 10 cm2 surface application (Css, ng/mL).

AP25h (µg) Jss (µg/h) Kp (10−4 cm/h) Css (ng/mL)

POPC 5.13 ± 0.52 0.22 ± 0.03 1.14 ± 0.16 0.36 ± 0.05
POPC:CHOL 21.93 ± 2.20 0.29 ± 0.03 1.52 ± 0.16 0.48 ± 0.05

POPC:CHOL:CER 14.36 ± 1.40 0.77 ± 0.07 4.01 ± 0.37 1.28 ± 0.12
ANOVA test analysis of variance, followed by Tukey’s multiple comparison test, were performed, and all were
statistically different from each other (p < 0.001). Results are expressed by mean ± SD (n = 5).
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Figure 5 illustrates the quantity of BNB retained in the tissues and the correspond-
ing statistical outcomes. Liposome POPC demonstrated significant statistical differences
when compared to liposome POPC:CHOL and liposome POPC:CHOL:CER. However,
no significant differences were observed between liposome POPC:CHOL and liposome
POPC:CHOL:CER.
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to induce erythema and edema. This was intended to stimulate AD flare-ups. All three 

Figure 5. Retained amount (µg/cm2) of BNB at 25 h in the AHS. Results are expressed as mean ± SD
(n = 5). ANOVA test analysis of variance, followed by Tukey’s multiple comparison test, were per-
formed. Statistically significant difference: *** = p < 0.0001; ns = no statistically significant difference.

2.4. Tolerance Study and Histological Analysis
2.4.1. In Vivo Tolerance Study

The tolerability of the liposomal formulations on altered skin (previously subjected
to microneedle punches) was evaluated on New Zealand rabbits. Figure 6 shows the
progression of altered rabbit’s skin (ARS) monitored for 3 h 30 min after applying xylol so
as to induce erythema and edema. This was intended to stimulate AD flare-ups. All three
liposomes appear to delay the onset of edema and erythema caused by xylol. The use of
POPC liposomes was found to reduce the damage caused by xylol. The negative control of
ARS was not treated with any substance or formulation.
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The erythema and edema presented on the rabbits’ backs are classified by the view
scoring system (see Table 4).

Table 4. A modified Draize score was employed to evaluate erythema and edema resulting from
xylol exposure, both with and without subsequent application of the liposomes (mean ± SD, n = 5).

Chemicals Before Induced Er
and Ed 15 min 45 min 3 h

Erythema Edema Erythema Edema Erythema Edema Erythema Edema

Negative control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Liposome POPC 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Liposome POPC:CHOL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.00 ± 0.53 0.00 ± 0.00 0.65 ± 0.40 0.00 ± 0.00
Liposome POPC:CHOL:CER 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.45 ± 0.42 0.00 ± 0.00 0.37 ± 0.03 0.00 ± 0.00

Positive control (xylol) 0.00 ± 0.00 0.00 ± 0.00 3.54 ± 0.20 1.62 ± 0.41 3.50 ± 0.40 1.84 ± 0.13 2.40 ± 0.30 0.50 ± 0.02

Er = erythema; Ed = Edema.

The pictures of Figure 6 are supported by the graphs shown in Figure 7, which show
the evolution of the transepidermal water loss (TEWL), and the evolution of the skin
hydration, of rabbits with altered skin.
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This is why the potential tolerance of the liposomal formulations on the eye, after a peri-
ocular application on the eye, was assessed by the in vitro technique HET-CAM of ferti-
lized chicken eggs. Table 5 shows the irritation score (IS) estimated for the liposomal for-
mulations. The three liposomes resulted in non-irritant formulations exhibiting IS values 
similar to the negative control, whereas the positive control resulted in higher IS values 
corresponding to a severely irritant substance. 

Figure 7. Results of TEWL and skin hydration during 210 min before and after formulations applica-
tion on rabbits with induced dermatitis by xylol, except for the negative control. (a) TEWL; (b) Skin
hydronation (AU). Results are expressed as mean ± SD (n = 5).

2.4.2. Histological Analysis

Once the modified Draize test had been finished, a histological study was conducted
to evaluate whether any structural change had occurred to the altered skin due to the
application of the formulations. The histology results of the different liposomes, as well as
the positive and negative controls, are set out in Figure 8. The skin treated with liposome
POPC:CHOL:CER presented stratum corneum loss (Figure 8e) indicating some disruptive
effect. This is in contrast to the skins treated with either liposomes POPC or POPC:CHOL,
which do not demonstrate any alteration to the skin.
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Figure 8. Skin sections colored with eosin and hematoxylin. (a) Control negative skin; (b) positive
control; (c) treated with POPC; (d) treated with POPC:CHOL; and (e) treated with POPC:CHOL:CER.
sc = stratum corneum, d = dermis, * shows loss of stratum corneum, ∆ arrowhead indicates leukocyte
infiltrate. Magnification = 200×, scale bar = 100 µm.

2.4.3. In Vitro Tolerance of the Liposomal Formulations for Periocular Application

AD can also be present on facial skin, with symptoms such as dryness, redness, sensi-
tivity and itching, and facial skin might need the application of soothing formulations. This
is why the potential tolerance of the liposomal formulations on the eye, after a periocular ap-
plication on the eye, was assessed by the in vitro technique HET-CAM of fertilized chicken
eggs. Table 5 shows the irritation score (IS) estimated for the liposomal formulations. The
three liposomes resulted in non-irritant formulations exhibiting IS values similar to the
negative control, whereas the positive control resulted in higher IS values corresponding to
a severely irritant substance.

Table 5. Irritation score calculated for the liposomal formulations (mean ± SD of n = 3). The scores
obtained for the positive and negative controls are also reported.

Formulation

Negative control
Positive
control

(0.1 N NaOH)
POPC POPC:CHOL POPC:CHOL:CER

Irritation score (IS) 0.07 ± 0.00 16.10 ± 0.08 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00

IS ≤ 0.9, non-irritating/slightly irritating; 0.9 < IS ≤ 4.9, moderately irritating; 4.9 < IS ≤ 8.9, irritating; and
8.9 < IS ≤ 21, severely irritating [18].

Figure 9 shows the results from the HET-CAM test. They revealed no irritant effect of
any kind; no hemorrhage, coagulation or lysis vessel were observed 5 min after 300 µL of
the respective formulations had been applied. This is opposite to the positive control, in
which lysis vessel and coagulation appeared (Figure 9b).
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(a) a negative control using saline solution, and (b) a positive control using 0.1 N sodium hydroxide
solution. The other three images show the evolution of the liposomal formulations: (c) POPC
liposome, (d) POPC:CHOL liposome and (e) POPC:CHOL:CER liposome.

3. Discussion

All physicochemical characteristics, such as pH, vesicle size and ZP, influence the
liposome interaction with the skin [19]. Liposome POPC was the largest vesicle, followed
by POPC:CHOL, and the smallest was POPC:CHOL:CER. All of them had a PDI below
0.2, which is indicative of the uniformity of the particle size, and their small size and the
low PDI mean the formulations tend to pass more easily through the sterilizing filters,
which, in turn, renders them suitable for skins that are grazed or scratched and could
become infected. Instead, the ZP helps to predict the stability of particles. A high ZP
indicates a stable formulation, so the liposome POPC:CHOL:CER is the most stable of the
tested liposomes [20]. Differences in the lipid used for each liposome elaboration may lead
to different release profiles described by different kinetic models [21]. In our work, the
two liposomes containing CHOL displayed the same kinetic model suggesting that the
presence of CHOL in the liposome strongly impacts on their drug release characteristics.
The fastest BNB release over a short period of time was presented only by liposome
POPC:CHOL:CER but not by liposome POPC:CHOL (Figure 2). Although liposomes POPC
and POPC:CHOL exhibited similar BNB released at 54 h, POPC:CHOL showed a higher
AUC than POPC:CHOL:CER, indicating a superior performance by POPC:CHOL. The
mathematical modelling in the release studies is an excellent tool to evaluate differences
between formulations [22–24]. Furthermore, the non-modelistic parameters are useful
to compare formulations which exhibit different kinetic models. In this work, the non-
modelistic parameters showed a relation between the amount of BNB that is released
from the formulation and the release efficiency, with the cumulative permeated amount
throughout the 25 h period being the liposome POPC:CHOL, the formulation with the
highest values. Baricitnib is a molecule with poor water solubility under physiological
conditions, as observed from its structure. It does not present charged structures at pH 7.40,
suggesting that it could be found deep within the lipid bilayer. Moreover, it presents several
groups capable of stabilizing the molecule in hydrophobic regions through hydrogen bonds.
These facts point to baricitinib incorporating into the liposome lipid membrane, remaining
there and not being released to permeate through the skin. To overcome this problem,
liposomes containing baricitinib were supplemented with 5% Transcutol. The structure
of Transcutol allows it to be incorporated in parallel to hydrocarbon chains with its OH
group near the headgroup of the phospholipids, distorting the phospholipid bilayer. Then,
when liposomes containing baricitinib interact with the skin surface, baricitinib can easily
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be released from the liposome, and Transcutol molecules can increase the water solubility
of baricitinib and facilitate its distribution towards the surface of the skin.

Different authors have demonstrated that, if the lipids are like those in the stratum
corneum, more drugs will penetrate the skin [19]. It is worth mentioning that human
skin contains CHOL and CER and disturbances in their levels cause disruption of the skin
barrier function. Yet, harmonizing the CHOL and CER levels in the skin restores its barrier
function [25]. Sinico and Fadda explained that a greater permeation and release could be
produced when the liposomes are composed of lipids that are more similar to those of the
skin [26]. This would explain the higher permeation of POPC:CHOL and POPC:CHOL:CER
compared with liposome POPC without CHOL. The liposome POPC:CHOL:CER triplicated
the results values of flux, permeability coefficient and theoretical plasma concentration in
human steady state compared with the other studied liposomes (POPC and POPC:CHOL,
see Table 3). Therefore, CER could be acting like a permeation enhancer. CERs have been
considered the principal factor in the control of the skin barrier as the enhancer effect of
CER analogues has been demonstrated in diverse studies [27]. Since the predicted plasma
concentration at steady state did not reach therapeutic levels, it is likely that BNB only
exerts a local effect on the skin [14].

Retention of BNB in the skin was not statistically different between POPC:CHOL and
POPC:CHOL:CER, so both liposomes would be a good option in order to achieve a local
effect of BNB because both liposomes reached values a hundred times higher than liposome
POPC (Figure 5). Liposomes with CHOL and CER—which are the lipids found in the
skin—were able to diffuse through the skin, thus creating a reservoir effect in the BNB.
This achieved concentrations inside the skin higher than those obtained in the blood in oral
therapy for AD treatment [28], considering the human skin density to be 1 g/mL [29].

The HET-CAM test showed no irritation effect caused by any of the three liposomes
and, in reference to the modified Draize test, we observed a good Draize score for erythema
and edema (Table 4). Liposome POPC effectively counteracted the impact of xylol on
the skin and neither erythema nor edema were observed over the 3 h of the study. Xylol
caused both reactions, erythema and edema, which were observed from the first assessment
(after 15 min) and up to the end of the tolerance study, which was after 3 h. Liposomes
POPC:CHOL and POP:CHOL:CER also effectively counteracted the edema caused by
xylol. However, after 45 min of application, a slight erythema appeared in the areas where
liposomes POPC:CHOL and POPC:CHOL:CER were tested. Nevertheless, this effect was
more than 2-fold and 3-fold lower than the erythema caused by xylol. TEWL values were
constant for all the liposomes with similar values to the negative control (within the range
of 8–15 g/h·m2, which means a healthy value for rabbits), whereas the positive control
showed a significant increase. The results are in accordance with those obtained in control
rabbits, as observed by Babu M. Medi and Angela Anigbogu [30,31]. The skin hydration
values were constant and followed the trend of the negative control, while the positive
control showed a steady increase during the tolerance study. Finally, the histological study
demonstrated that liposome POPC and POPC:CHOL avoided any damage to the tissue
structures. Based on these promising results, further biochemical studies should be carried
out to test the efficacy of these liposomal formulations on animal models of the disease,
including mutant animals, before proceeding to clinical trials.

4. Materials and Methods
4.1. Materials

BNB, Ammonium Formate and POPC were purchased from Sigma–Aldrich (Madrid,
Spain). Transcutol® P [Diethylene glycol monoethyl ether] was bought at Gattefossé
(Barcelona, Spain). Fisher Chemical (Loughborough, UK) supplied the Acetonitrile. Fi-
nally, CHOL (ovine wool > 98%) and CER (bovine spinal cord ≥ 98%) were acquired
at Avanti Polar Lipid Inc. (Alabaster, AL, USA). A microneedle roller (Currentbody,
Barcelona, Spain) contains 540 titanium needles that are 0.25 mm long, corresponding
to 72.3 microneedles/cm2.
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BNB (C16H17N7O2S) is a pyrrolopyrimidine, the chemical structure of which is shown
in the figure below, Figure 10, which has been obtained from PubChem, an open chemistry
database at the National Institute of Health (NIH).
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4.2. Biological Materials

The abdominal human skin (protocol code 93-01162 02/18 approved on 17 January
2020 by the 99 Bioethics Committee of SCIAS Hospital de Barcelona), was dermatomed
to 400 µm thickness (Aesculap GA 630, Aesculap, Tuttligen, Germany). All the skin was
subjected to a physical alteration with microneedles in order to simulate an AD skin by
piercing the epidermis. Since the needles do not come into contact with the nerves or blood
vessels, this technique is painless when performed on live animals.

4.3. Methods
4.3.1. Preparation of the Liposomes

Three different liposome formulations were prepared: (i) pure POPC liposomes,
(ii) POPC:CHOL (0.8:0.2, mol/mol) liposomes and (iii) POPC:CHOL:CER (0.36:0.24:0.40,
mol/mol/mol) liposomes.

All liposomes samples were elaborated in accordance with the methods published in
other articles [32]. In short, to elaborate each liposome sample, we added 500 mg of BNB in
a round bottom flask to the corresponding chloroform–methanol (2:1, v/v) lipid solutions
to achieve the desired molar lipid concentration for each composition. Then, the mixture
was sonicated for 10–15 s to make sure all BNB was dissolved. Following the removal of the
solvent using a rotary evaporator, the thin lipid film was kept in a high vacuum overnight in
the absence of light to ensure the absence of organic solvent traces. The thin films were rehy-
drated using a solution containing 10 mM TRIS·HCl ([tris(hydroxymethyl)aminomethane]
150 mM NaCl), and 5% (v/v) of Transcutol® P pH 7.40. Vigorous vortexing was performed
for 5 cycles, at a temperature above that of the lipid mixture’s transition, so as to obtain
large multilamellar vesicles. The liposome size was homogenized using an ultrasound
bath with temperature control for 15 min. Finally, the liposomes were passed through
a Sephadex® G50 column mounted in a 5 mL syringe and centrifuged at 1000 rpm for
10 s using a Rotanta 460R centrifuge (Andreas Hettich GmbH & Co. KG, DE, Tuttlingen,
Germany) to eliminate non-encapsulated BNB.

4.3.2. Liposomes’ Physicochemical Characterization

The physicochemical properties of the liposomes were analyzed using various param-
eters, including pH, vesicle size, polydispersity index, ZP and encapsulation efficiency. pH
measurement was carried out, using a pH-meter micro pH 2001 (Crison Instruments SA,
Alella, Spain), in triplicate. The Zetasizer Nano S (Malvern Instrument, Malvern, UK) was
used to determine the liposomes size, PDI and ZP. All the physicochemical characteristics
were determined in triplicate [33]. All the measures were analyzed by one-way ANOVA
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test followed by a Tukey’s multiple comparison test. These measurements were repeated
on samples stored for up to 1 month at 4 ◦C to assess the stability of the liposomes.

To study the EE percentage (EE%), the liposomes were broken down with Transcutol®

P: Triton at 10% (8:1), so that they released the BNB, and quantified using HPLC (see
Section 4.3.6). The comparison between the initial amount and the extracted amount gave
the EE% (Equation (1)) [32]:

EE% =
Q f

Q0
× 100 (1)

where Qf is the total mass of BNB retained inside the liposomes and Q0 is the total mass of
BNB initially used to prepare the liposomes. Both quantities are expressed in mg.

4.3.3. In Vitro Drug Release Study

In order to investigate the release of the drug, we employed a dialysis membrane that
had a molecular cut-off weight of 14,000 Da (Sigma–Aldrich, Madrid, Spain) in Franz-type
diffusion cells. These cells had a diffusion area of 0.64 cm2 and a receptor chamber of 4.9 mL
(Crown Glass Company, Inc., Jersey City, NJ, USA) [34,35]. Prior to use, the membrane
was hydrated in methanol:water (1:1) for 24 h and then washed before being set in the
Franz diffusion cells. The receptor medium used was Transcutol® P which was stirred at
500 r.p.m. to keep sink conditions. The experiment was conducted at 32 ◦C by means of
a thermostatic water bath. An amount of 500 µL of formulation was added to the donor
compartment; five replicates per each liposome were included. During the experiment,
samples of 200 µL were collected at specific time intervals and, in order to maintain a
constant volume in the cells, Transcutol® P was added after each sample collection. The
collected samples were analyzed by a validated HPLC-fluorescence method, as described
in Section 4.3.6. The cumulative amounts of BNB released from each liposomal formulation
were plotted over time, and the data were analyzed by different kinetic models to describe
the drug release profile. The determination coefficient (r2) was used to assess the goodness
of fit [36].

Moreover, some non-modelestic parameters were calculated to compare different
release profiles. These estimated parameters were the MRT of BNB from the formulation,
the AUC representing the amount of BNB that was released from the formulation [37] and
the efficiency (E) as the percentage of BNB released from the initial formulation.

4.3.4. Ex Vivo Permeation Study

The permeation studies were conducted using Franz diffusion cells with a surface
area measuring 0.64 cm2 and a receptor chamber of 4.9 mL. The altered abdominal human
skin was placed between the donor and the receptor compartments [34,35]. The receptor
medium was Transcutol® P. Amounts of 500 µL of each liposome was put on the donor
compartment. Samples of 200 µL were taken over 25 h and replaced by Transctuol® P after
every sampling time. We analyzed the samples using the validated HPLC-fluorescence
method (see Section 4.3.6).

Three permeation parameters of each liposome were calculated: flux (Jss, µg/h),
permeability coefficient (Kp, cm/h) and theoretical predicted plasma concentration in
human steady state applied to a 10 cm2 surface (Css, ng/mL). Flux is the slope calculated
with the aligned points in the permeation profile [35]. The permeability coefficient was
obtained by the following equation:

Kp =
Jss

C0·A
(2)

where C0 (µg/mL) is the initial concentration of BNB in the liposome and A is the surface
of the diffusion area (cm2) [34].
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Css was calculated by the equation detailed below:

Css =
Jss·TSA
Clp·A (3)

where Jss (µg/h) is the flux, TSA (cm2) is the theoretical surface area of application, Clp
(ml/min) is the human plasma clearance of BNB and A (cm2) is the diffusion area of the
Franz cells [34]. The area of application considered was 10 cm2.

After completing the permeation study, we removed all tissues from the diffusion
cells and washed away any liposomes remaining on the surface with distilled water. Then,
we extracted the BNB that was retained in the permeation area of the tissue, cutting it,
weighing it and immersing it in 1 mL of Transcutol® P. The sample was then sonicated for
10 min using an ultrasonic water bath [33]. The final step was to analyze the Transcutol® P
with the extracted BNB using HPLC. We calculated the retained BNB in the tissues (Qret)
using Equation (4) and the results were stated, normalized by the weight of the tissue and
the diffusion area (0.64 cm2) and multiplied by the recuperation of the drug:

Qret =
Qext

W × A
× 100

R
(4)

In this equation, Qext represents the quantity of drug extracted from the tissue and is
measured in µg, W denotes the weight of the tissue in grams, while A is the diffusion area
in cm2. Finally, R represents the proportion of BNB that is recovered in each tissue [35].

4.3.5. Baricitinib Determination by HPLC

The measurement of BNB in each sample was carried out using high-performance
liquid chromatography (HPLC) equipped with a fluorescence detector. The HPLC system
consisted of a Chromatograph Waters Alliance 2695 and a Fluorescence Jasco FP-1520 de-
tector that operated at an excitation wavelength of 310 nm and an emission wavelength of
390 nm. The chromatographic column was a Symmetry C18 (4.6 × 75 mm, 3.5 µm) and the
mobile phase was Ammonium Formate 10 mM pH 7.4 (75:25 v/v); the flux was 1 mL/min
and the volume of injection was 10 µL. The validated range for the quantification of BNB
was from 0.03 to 1 µg/mL.

4.3.6. Tolerance Study and Histological Analysis

Liposomes were also evaluated by a modified Draize skin test to study the effect on
induced erythema and edema with xylol to simulate atopic skin. We used non-anesthetized
New Zealand healthy rabbits (Harlan, Barcelona, Spain). They were cared for in accordance
with the standard conditions, receiving food and water ad libitum. The objective was to
detect the possible signs of damage on altered skin as indicated by the level of erythema
and edema [38,39]. The studies were conducted under a protocol in accordance with the
Mexican Official Norm for Animal Care and Handling (NOM-062-ZOO-1999).

To obtain an ARS, we used microneedles so as to compromise the skin barrier function
on the rabbits’ backs. This was carried out one day after having measured their basal values
and having shaved them. The animals were divided into different groups: the negative
control group which only underwent microneedles; the positive control group which, in
addition to the microneedles, received xylol to induce skin irritation; 3 other groups which
received microneedles, plus xylol, plus one of the liposomes. Next, we applied 0.5 mL of
xylol to all the rabbits minus the negative control (which also did not have liposomes). The
positive control received microneedles plus xylol.

The responses were recorded at 15 min, 45 min and 3 h 30 min. At the same points
in time, the transepidermal water loss (TEWL) and skin hydration were measured. For
the positive control, 0.5 mL of xylol was applied and evaluated at the same times as
the liposomes. A visual scoring system was used to evaluate inflammation; this system
classifies from 1 to 4 according to whether the erythema and edema were practically
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imperceptible or had reached a large area of exposure [40]: 0 denotes no erythema and no
edema, 1 denotes a little sign of erythema or edema, 2 denotes explicit erythema or slight
edema, 3 denotes a moderate to severe erythema or edema and 4 refers to serious erythema
(beet redness) through to the first signs of depth injuries or severe edema [41].

Xylol was used as an irritant component to induce allergic contact dermatitis (ACD),
characterized by manifestations such as skin redness, swelling, warmth and itching and
accompanied by dryness and flaking. Other articles, like those of Patricia L Nadworny
et al. [42] or Liu Tang et al. [43], used dinitrochlorobenzene, or Paul L. Stanley et al. [44],
who used 12-O-tetradecanoylphorbol-13-acetate (TPA).

TEWL is the amount of water that can diffuse through the skin stratum corneum
per unit of time. The appropriate structure of intracellular lipids in the stratum corneum
is one of the key factors in retaining transdermal water [45,46]. TEWL was measured
by Tewameter (TEWL-Dermalab, Agaram Industries, India). An increment of this value
means there is damage on the skin barrier [47]. The skin hydration was measured by
a Corneometer (EnviroDerm, Ireland), which can quantify the amount of water within
the corneum.

After monitoring the mentioned parameters for 3 h, the treated animal parts were
histologically evaluated to assess the effect of the liposomes. To ensure this, the animals
were euthanized with xylazine (Rompun® 20 mg/mL, Bayer Hispania, Sant Joan Despí,
Spain) and ketamine (Imalgene® 100 mg/mL, Boehringer Ingelheim Animal Health España,
Sant Cugat del Vallès, Spain). The mixture was injected via the right ear vein at 4 mg/kg [48].
After clinical death, the back skin was immediately excised, rinsed with PBS pH 7.4, and set
overnight at room temperature in 4% buffered formaldehyde and subsequently embedded
in paraffin wax. Transverse sections measuring 5 µm were stained with hematoxylin and
eosin and then examined using a light microscope (Olympus BX41 and camera Olympus
XC50) on blinded-coded samples to assess the histological structure [49].

Finally, a HET-CAM test was conducted to evaluate the potential risk of causing
irritation to the eye after a periocular application. The HET-CAM test assesses the potential
toxicity of formulations when applied to the CAM of a 10-day embryonated hen’s egg
(supplied by the G.A.L.L.S.A. farm, Tarragona, Spain). The CAM was observed for five
minutes following application, with any reactions, such as bleeding (hemorrhage), blood
vessel disintegration (coagulation) and protein denaturation (intra- and extra-vascular
vessel lysis coagulation), being noted [18]. To this end, we applied 300µL of liposomes
to the CAM and we waited 5 min to see if there had been any reaction working with the
INVITTOX protocol [50]. The positive control used was a 0.1 N solution of NaOH, while
the negative control was a solution containing 0.9% NaCl [50]. The IS was calculated, as
described by Garrós et al., including 3 replicates per formulation [49].

5. Conclusions

Three liposomal formulations containing BNB, a Janus kinase inhibitor, were devel-
oped for the topical treatment of complement flare-ups in AD. The liposomes were prepared
using three different lipids: POPC, CHOL and CER. The POPC:CHOL:CER formulation
showed higher flux and permeation compared to the other formulations. However, there
were no statistically significant differences in the retention concentration in the skin between
POPC:CHOL and POPC:CHOL:CER. These formulations also showed that they retained
higher amounts of BNB than liposome POPC; this may be due to them having a longer
effect. However, further biomedical investigations should be carried out. The formulations
did not demonstrate any irritant effect in the HET-CAM test, and the liposomes POPC and
POPC:CHOL did not cause any structural alteration according to the histological analysis.
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Abstract: The objective of the present study was to develop a gentiopicroside‑phospholipid com‑
plex (GTP‑PC) and its self‑nanoemulsion drug delivery system (GTP‑PC‑SNEDDS) to increase the
oral bioavailability of gentiopicroside (GTP). The factors affecting the formation of GTP‑PC were
studied with the complexation efficiency and dissociation rate. The properties of the complex were
investigated by means of differential scanning calorimetry (DSC), X‑ray diffraction (XRD), Fourier
transform infrared spectra (FT‑IR), dissolution, etc. Then, GTP‑PC was loaded into SNEDDS by in‑
vestigating the effects ofweight ratios of GTP‑PC to blank SNEDDS, preparation technology, dilution
media, and dilution multi, based on the screening results of oils, surfactants, and cosurfactants. In
rats, GTP, GTP‑PC, and GTP‑PC‑SNEDDSwere orally administered at different times, and GTP con‑
centrations were determined using RP‑HPLC. The optimal GTP‑PCwas preparedwith tetrahydrofu‑
ran as the reaction solvent, GTP:phospholipid = 1:2, and stirring for 4 h. The optimal prescription for
GTP‑PC‑SNEDDS was as follows: Maisin 35‑1:Miglycol = 30%, Labrasol:Cremophor EL = 1:4 = 40%,
Transcutol P = 30%; Maisin 35‑1:Miglycol = 12, and the ratio of GTP‑PC to blank was 1:10—then the
mixture was stirred at 37 ◦C for 1 d and then placed for 2 d to form stable GTP‑PC‑SNEDDS. After
oral administration of GTP, GTP‑PC and GTP‑PC‑SNEDDS, and mean plasma GTP concentration–
time curves were all in accordance with the single‑compartment model. The Cmax, AUC0–∞, and Fr
of the three formulations were significantly higher than that of GTP, demonstrating that GTP was
metabolized rapidly, and its higher bioavailability could be achieved by the formation of GTP‑PC
and GTP‑PC‑SNEDDS. Among the three formations, the bioavailability of GTP‑PC‑SNEDDS was
highest, with approximately 2.6‑fold and 1.3‑fold of Fr value, compared with GTP‑PC (suspension)
and GTP‑PC (oil solution), respectively. Compared with GTP, GTP‑PC and GTP‑PC‑SNEDDS en‑
hanced the bioavailability of GTP significantly. In the future, this study could serve as a reference
for clinical trials using GTP‑PC and GTP‑PC‑SNEDDS.

Keywords: gentiopicroside; phospholipid complex; self‑nanoemulsion drug delivery system; oral
bioavailability; pharmacokinetics

1. Introduction
Gentiopicroside (GTP, Figure 1A), a kind of iridoid glycoside, is one of the key ac‑

tive components from Gentiana species [1–3]. It exhibits many activities, including anti‑
inflammatory, analgesic, antioxidant, and anti‑hepatotoxic activities, which imply its ben‑
efit in the treatment of rheumatoid arthritis, liver illness (hepatitis), fever, digestive, intesti‑
nal disorders, and so on [4–9].
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Figure 1. The structure of GTP and its influencing factors on the formation of phospholipid com-
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Unfortunately, the clinical efficacy was limited by the low bioavailability of oral GTP.
Several studies attributed the low bioavailability of oral GTP to the first‑pass metabolism,
bacterial metabolic processes, or decomposition in the intestine, as well as to poor absorp‑
tion from the gastrointestinal tract [10–16]. To overcome the problem of the slight clin‑
ical efficacy of GTP, it is important to improve its bioavailability. Some reports had ex‑
posed that the bioavailability of GTP could be significantly improved by the interaction
of the compound–compound in an herb extract [11] or the herb–herb in a formulae decoc‑
tion [12,16]. Additionally, no data about pharmaceutical approaches have been published,
in relation to improving the bioavailability of GTP after oral administration.

The formation of a drug–phospholipid complex is an important, and the most com‑
mon, way to improve bioavailability. Up until now, several drug–phospholipid complexes
have been approved to use in clinical treatment, such as Meriva® (curcumin‑PC) [17],
Siliphos® (Silybin‑PC) [17]. SNEDDS, which consists of a drug, oil, surfactant, and co‑
surfactant, can produce an oil‑in‑water (O/W) nanoemulsion with a droplet size of less
than 100 nm by gently mixing with water [18–21]. It is another pharmaceutical means to
enhance the drug’s bioavailability. More importantly, the combination of PC and SNEDDS
can overcome the same limitations of drugs with low oral bioavailability. It has been pro‑
posed that combining PC with SNEDDS can enhance the oral bioavailability of bioactive
compounds or biomacromolecules, such as morin [22–25], akebia saponin D [26,27], ro‑
suvastatin calcium [28], paclitaxel [29], curcumin [30], ellagic acid [31], baicalin [32], and
matrine [33].

In the above experiments, the tested compounds are water insoluble and belong to
classes 2 or classes 4 of the biopharmaceutical classification system. However, there are no
related studies on class 3 compounds. Classified as class 3 drugs, they are highly soluble in
gastrointestinal fluids, but possess low absorptionmembrane permeability, often resulting
in low bioavailability [34]. GTP was a typical class 3 compound with high water solubility
(7.65 g/100 g at 23 ◦C) and low membrane permeability [35]. So, GTP was adopted in this
study, and then GTP‑PC and GTP‑PC‑SNEDDS were optimized to test their advantages
on enhancing GTP’s oral bioavailability.
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2. Results and Discussion
2.1. Factors Affecting the Formation of GTP‑Phospholipid Complex
2.1.1. Different Type of Phospholipids

The complexation efficiency and dissociation rate of GTP‑PC of different type of phos‑
pholipids, including hydrogenated phospholipids, soybean phospholipids, and egg yolk
phospholipids, are shown in Table 1. The results display that the complexation efficiency
of theGTP‑PCprepared by the soybean phospholipid and egg yolk phospholipid exceeded
95%. The dissociation rate of GTP‑PC in pH 6.8 PBSwas hydrogenated phospholipid > egg
yolk phospholipid > soybean phospholipid, indicating that the stability of hydrogenated
phospholipids prepared by hydrogenated phospholipid was poor, and it was easy to dis‑
sociate in aqueous environment. The cost of egg yolk phospholipid is higher than that
of soybean phospholipid. Considering the complexation efficiency, dissociation rate, and
cost factors, soybean phospholipid was selected for preparing GTP‑PC.

Table 1. Complexation efficiency anddissociation rate ofGTP‑PCof different types of phospholipids.

Type of Phospholipids Complexation Efficiency (%) K (h−1)

soybean phospholipid 97.15 ± 3.27 1.60
egg yolk phospholipid 100 ± 4.92 2.49

hydrogenated phospholipid 88.20 ± 4.74 8.52

2.1.2. Dissolving Solvents
The solubility of GTP andGTP‑PC is shown in Table 2. The results show thatGTP is in‑

soluble in dichloromethane, ethyl acetate, and tetrahydrofuran, but GTP‑PC and soybean
phospholipid are easily soluble. In this case, the formation of GTP‑PC could be judged ac‑
cording to the change of solubility. Then, the most suitable solvent was chosen further by
complexation efficiency and dissociation. The results are shown in Table 3 and Figure 1B,
indicating that the phospholipid complex prepared in tetrahydrofuran had the highest
complexation efficiency and slowest dissociation. Therefore, tetrahydrofuran was identi‑
fied as the dissolving solvent.

Table 2. Dissolubility of GTP, GTP‑PC, and phospholipids in different solvents (mg/mL).

Solvents Soybean Phospholipid GTP GTP‑PC

Water
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indicates substance is
dispersed in the solvent within 48 h.

Table 3. Complexation efficiency and dissociation rate of GTP‑PC of different types of solvent.

Type of Solvent Complexation Efficiency (%) K (h−1)

trichloromethane 61.71 ± 5.38 3.17
tetrahydrofuran 97.15 ± 3.31 1.99
ethyl acetate 86.77 ± 4.24 2.53
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2.1.3. Molar Ratio of GTP to Phospholipid
Complexation efficiency and dissociation of the GTP‑PC of different molar ratios of

GTP andphospholipid are shown in Table 4 and Figure 1C. The data indicated that the com‑
plexation efficiency of phospholipid complex was close to 100% for the GTP of
GTP:phospholipid ≤ 1:1. The dissociation rate increased with the ratio of GTP‑to‑phosp‑
holipid increase, suggesting that the greater the amount of phospholipid, the higher the
stability of GTP‑PC. However, the content of phospholipid could not be too much, due to
the poor dispersion and fluidity of the GTP‑PC of the drug‑to‑lipid ratio ≥ 1:3. Addition‑
ally, according to the results of the bioavailability, themolar ratio of GTP and phospholipid
was identified as 1:2 [36].

Table 4. Complexation efficiency and dissociation rate of phytosome of different molar ratios of GTP
and phospholipid.

Molar Ratio of GTP and Phospholipids Complexation Efficiency (%) K (h−1)

2:1 86.82 ± 6.53 5.21
1:1 97.15 ± 3.31 3.72
1:2 99.87 ± 3.21 2.39
1:3 99.66 ± 1.14 0.72
1:4 99.79 ± 2.23 0.55

2.1.4. Stirring Time
It was found that, with the stirring time increasing from 0.5 to 4 h, the complexation

efficiency increased from 83.57% to 99.50%, and at 4 h reached the peak. When stirring for
5 h and 6 h, the complexation efficiency declined to 92.63% and 88.63%. This may be due
to the instability of GTP. Therefore, the optimal stirring time was 4 h.

2.2. Characterization of GTP‑PC
2.2.1. Differential Scanning Calorimetry (DSC)

In DSC, an interaction can be detected by eliminating endothermic peaks, showing
new peaks, changing peak shape, and changing the peak temperature and relative peak
area or enthalpy [37]. The DSC curves of the GTP, phospholipids, physical mixture, and
GTP‑PC are shown in Figure 2A. The GTP displayed an abroad endothermal peak at
260.5 ◦C (Figure 2Aα). The phospholipid had a peak at 100.6 ◦C (Figure 2Aβ). The DSC
of the phospholipid complex showed that the phospholipid peak vanished, and the onset
temperature was lower than GTP’s, which was at 245.08 ◦C (Figure 2Aδ). The GTP and
phospholipids were thought to interact through hydrogen bonds or van der Waals forces.
As the GTP and phospholipid polarity parts were combined, the carbon–hydrogen chain
of phospholipids was free to turn and enclose the polarity parts and GTP of the phospho‑
lipids. After that, the sequence between the aliphatic hydrocarbon chains of phospholipids
decreased and the peak of phospholipids disappeared, lowering the onset temperature of
GTP [38]. The physical mixture of the GTP and phospholipid showed two peaks. The for‑
merwas 60.5 ◦C, lower than the onset temperature of phospholipid; the other was 245.8 ◦C,
the same with the onset temperature of GTP‑PC (Figure 2Aχ). It was thought that, as the
temperature increased, the phospholipid melted, and the drugs dissolved into it, partially
forming phospholipid complexes.

2.2.2. X‑ray Diffractometry (XRD)
The powder X‑ray diffraction patterns of the GTP, phospholipids, physical mixture,

and complex are shown in Figure 2B. The GTP displayed sharp crystalline peaks. In con‑
trast, phospholipids were amorphous and lacking crystalline peaks. Despite the physical
mixtures of the GTP and phospholipid, some drug signals could still be detected. How‑
ever, the crystalline peaks had disappeared in the GTP‑PC. The combination of the polar
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ends of phospholipid with GTP led to their being highly dispersed, thus inhibiting their
crystalline characteristics.
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droxyl in GTP (υOH, 3420.86) and phospholipids (υOH, 3389.75) were superimposed in 
the physical mixture, forming a large, wide peak. The vibration of the hydrocarbon of 
saturated long-chain fatty (υCH, 2924.56, 2853.51), carbonyl of fatty acid ester (υC=O, 
1737.68), phosphorus oxygen double bond (υP=O, 1241.04), and phosphorus oxygen sin-
gle bond (υP-O-C, 1089.90) in phospholipid can be found, indicating little interaction be-
tween the GTP and phospholipid in the physical mixture (Figure 3C). In the phospholipid 
(Figure 3B), there were strong hydrogen bonds, so the vibration of hydroxyl was very 
strong and had a relatively low wavenumber (3389.75). This was due to the fact that the 
phospholipid phosphate and quaternary ammonium in the phospholipids had a strong 
ability to ionize, and hydrogen bonds formed by positive and negative ions were signifi-
cantly strong, possibly with ionic character. However, the combination of phospholipid 
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tion of GTP‑PC in phosphate buffer solutions and diluted hydrochloric acid at different pH (n = 3).
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2.2.3. Fourier Transform Infrared Spectra (FT‑IR)
The FT‑IR of the GTP, phospholipids, physical mixture, and GTP‑PC are shown in

Figure 3A–D, respectively. The FT‑IR spectrum of GTP was shown in Figure 3A, disclos‑
ing a broad band of 3600–3000 cm−1 for hydrogen‑bonded O‑H stretching vibrations. The
absorption bands at 1713.35, 1609.84 cm−1 related to the C=O and C=C stretching. The
signal at 1273.48 and 1007.06 cm−1 were assigned to C–O–C vibration. This FT‑IR spec‑
trum was consistent with the previously published reports. The stretching vibration of
hydroxyl in GTP (υOH, 3420.86) and phospholipids (υOH, 3389.75) were superimposed in
the physical mixture, forming a large, wide peak. The vibration of the hydrocarbon of satu‑
rated long‑chain fatty (υCH, 2924.56, 2853.51), carbonyl of fatty acid ester (υC=O, 1737.68),
phosphorus oxygen double bond (υP=O, 1241.04), and phosphorus oxygen single bond
(υP‑O‑C, 1089.90) in phospholipid can be found, indicating little interaction between the
GTP andphospholipid in the physicalmixture (Figure 3C). In the phospholipid (Figure 3B),
there were strong hydrogen bonds, so the vibration of hydroxyl was very strong and had
a relatively low wavenumber (3389.75). This was due to the fact that the phospholipid
phosphate and quaternary ammonium in the phospholipids had a strong ability to ion‑
ize, and hydrogen bonds formed by positive and negative ions were significantly strong,
possibly with ionic character. However, the combination of phospholipid and GTP made
new hydrogen bonds, formed between the two, and also destroyed part of the hydrogen
bonds between the phospholipids (Figure 3D), resulting in the vibration of the hydroxyl
moving to a higher wavenumber (υOH, 3396.32). Moreover, the υC=O and υP‑O‑C in
phospholipids moved to a lower wavenumber (υC=O, 1737.68 to 1735.78; υP‑O‑C, 1089.90
to 1085.39), indicating that new hydrogen bonds may have been formed.
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Figure 3. Fourier Transform Infrared spectra (FT‑IR) of GTP‑PC. GTP (A), phospholipids (B), physi‑
cal mixture (C), GTP‑PC (D).

The FT‑IR of the GTP, phospholipids, physical mixture, and GTP‑PC is shown in
Figure 3A–D, respectively. The GTP spectrum (Figure 3A) disclosed the characteristic
hydrogen‑bonded O‑H stretching vibration at 3600–3000 cm−1, C=O stretching vibration
at 1713.35 cm−1, C=C stretching vibration at 1609.84 cm−1, and C–O stretching vibrations
at 1273.48, 1083.96, and 1007.06 cm−1. The characteristic C‑H stretching and bending vi‑
brations of the long fatty acid chain of PC shown in Figure 3B were at 2924.56, 2853.51, and
1466.19 cm−1. Carbonyl of fatty acid ester (υC=O) at 1737.68 cm−1, phosphorus oxygen
double bond (υP=O) at 1241.04 cm−1, and phosphorus oxygen single bond (υP‑O‑C) at
1089.90 cm−1 in phospholipid can also be found. In the spectrum of the physical mixture
of GTP and PC, the peaks of O‑H stretching vibrations of GTP and PC were superposed
to form a wide peak at 3409.70 cm−1, with the other main peaks from GTP and PC still
existing in the physical mixture of GTP and PC, but the intensity of some peaks from GTP
were significantly weakened, such as the C=C stretching vibration at 1609.84 cm−1 and
C–O stretching vibration at 1007.06 cm−1. However, the combination of the phospholipid
and GTP may form new hydrogen bonds between them and destroy part of the hydrogen
bonds between the phospho‑lipids (Figure 3D), resulting in the hydroxyl vibration of PC
moving to higher wavenumber at 3396.32 cm−1. The intensity of the peaks from GTP at
1609.84 cm−1 and 1007.06 cm−1were alsoweakened, but theywere relatively stronger than
those from the physical mixture of GTP and PC.

2.2.4. Thin‑Layer Chromatography (TLC)
Only one spot with the same Rf as GTP was observed in the chromatogram of GTP‑

PC, similar to that of the physical mixture (Figure 2C). As the GTP and phospholipid have
no chemical groups that can react with each other under our preparation conditions, they
were unable to form new compounds. Therefore, the TLC did not reveal any new spots,
and the UV confirmed the result.

2.2.5. Ultraviolet (UV) Spectra
As can be seen in Figure 2D, the phospholipid exhibited only end absorptions close to

200 nm, while GTP, the physical mixture, and GTP‑PC showed nearly identical absorption
curves. All of them exhibited two characteristic absorption bands at 240 and 270 nm. There‑
fore, the UV spectra of GTPwas not changed during the combinationwith the phospholipid,
indicating that no chemical groups could react between the GTP and the phospholipid.
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2.2.6. Dissolution Studies in Phosphate Buffer Saline (pH 6.8)
Figure 2E shows the dissolution profile of GTP from the GTP‑PC and GTP in phos‑

phate buffer saline (pH 6.8). The dissolution of GTPwas complete in 30min, while the GTP
from GTP‑PC had a fast dissolution in the 0–2 h (about 50%); then, the dissolution tended
to increase slowly in 2–12 h, and eventually, the phospholipid complex almost completely
dissolved in 12 h. Therefore, the GTP and GTP‑PC had significantly different dissolution
characteristics, in that the dissolution of GTP in GTP‑PC was delayed, compared with the
GTP material.

2.3. Preparation Process of GTP‑PC‑SNEDDS
2.3.1. Screening of Oils, Surfactants and Cosurfactant

Among the oils surfactants and cosurfactants that have been experimentally inves‑
tigated and shown in Table 5, imwitor 742, labrasol, and transcutol P had the highest
solubility, which were 0.146 ± 0.028, 0.107 ± 0.011, and 0.315 ± 0.012 g/g, respectively.
Additionally, the mixtures of Maisin 35‑1/Miglycol 812N, Imwitor742/Miglycol 812N, and
Labrasol/Cremophor EL with different ratios also had a relatively high solubility.

Table 5. The solubility of GTP‑PC in various vehicles at 37 ◦C (n = 3, g/g).

Vehicle Solubility of GTP‑PC (g/g)

Oils
Imwitor742 0.146 ± 0.028
Maisin 35‑1 0.037 ± 0.016

Miglycol 812N ‑
Maisin 35‑1:Miglycol 812N = 1:2 0.095 ± 0.016
Maisin 35‑1:Miglycol 812N = 1:1 0.105 ± 0.013
Maisin 35‑1:Miglycol 812N = 2:1 0.065 ± 0.009

Labrafill M 1994 CS 0.074 ± 0.019
Imwitor742:Miglycol 812N = 2:1 0.127 ± 0.013
Imwitor742:Miglycol 812N = 1:2 0.132 ± 0.011
Imwitor742:Miglycol 812N = 1:1 0.138 ± 0.038

Plurol Qleique CC 497 0.016 ± 0.006
Surfactant
Labrasol 0.107 ± 0.011

Cremophor EL 0.025 ± 0.005
Labrasol:Cremophor EL = 1:1 0.058 ± 0.005
Labrasol:Cremophor EL = 1:2 0.070 ± 0.009
Labrasol:Cremophor EL = 1:3 0.069 ± 0.014
Labrasol:Cremophor EL = 1:4 0.060 ± 0.009

Tween 80 0.012 ± 0.004
Co‑surfactant
Transcutol P 0.315 ± 0.012
PEG400 ‑

Absolute ethanol ‑
95% ethanol ‑

In previous preliminary studies on the blank formulation of SNEDDS, the SNEDDS
could not have been formed by choosing Imwitor 742 or maisin 35‑1 as the oil, Labrasol as
the surfactant, or Transcutol P as the cosurfactant. Only when the oil loadingwas less than
10% could the microemulsion be infinitely diluted, but layered after 30 min, which might
be related to theweak emulsifying ability of Labrasol. It was reported that the combination
of Labrasol and Cremophor EL in the formulation could easily form self‑microemulsion
because of the high emulsifying ability of Cremophor EL and the excellent dissolving ca‑
pacity of Labrasol. When the ratio of Labrasol:Cremophor EL = 1:4, themicroemulsion area
was larger. When the surfactant was changed to Labrasol:Cremophor EL = 1:4, the formed
SNEDDS would not layer after 24 h, while the oil loading was still less than 10%, which
might have been related with the weak polarity of Imwitor 742. However, the mixture
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of Maisin 35‑1:Miglyol 812N and Imwitor742:Miglyol 812N would significantly improve
the oil loading of SNEDDS, which is consistent with the previous reports. After theMaisin
35‑1 wasmixedwithMiglyol 812N, themixture would change the polarity of the oil phase,
improve the ability of oil phase molecule penetrating into surfactant, and reduce the inter‑
facial tension between oil and water, which would result in the formulation of stable mi‑
croemulsion droplets. In the mixture, the combination of the long‑chain oils solubilizing
in microemulsions and short‑chain oils acting as cosurfactants would help the hydrophilic
groups of oil molecules to disperse in polar cephalic groups of surfactants form chelating
effect, which would increase the formation area of microemulsions.

Based on previous results shown above, the pseudo‑ternary phase diagrams were con‑
structed by selecting Imwitor742:Miglyol 812N = 1:1 or Maisin 35‑1:Miglyol 812N = 1:1 as the
oil phase, Labrasol:Cremophor EL = 1:4 as the surfactant, and Transcutol P as the cosurfactant.
It can be seen that the self‑microemulsifying region ofMaisin 35‑1:Miglyol 812N = 1:1 was big‑
ger than that of Imwitor742: Miglyol = 1:1 (Figure 4A,B). The effects of different weight
ratios of Maisin 35‑1 and Miglyol 812N on the self‑microemulsifying region was shown
in Figure 4B,C, and Maisin 35‑1:Miglyol 812N = 1:2 was chosen as oil phase because of its
lager self‑microemulsifying region and higher oil loading. Labrasol:Cremophor EL = 1:4
would also been selected by comparing the effects of different weight ratios on the self‑
microemulsifying region and oil loading, which are presented in Figure 4C–F.
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812N = 1:1; (B) as Maisin 35‑1:Miglyol 812N = 1:1. (C–F) indicates effects of different ratios between
Labrasol and Cremophor EL from 1:1 to 1:4 on the efficient self‑microemulsifacation, respectively.

2.3.2. Factors Affecting the Formation of GTP‑PC‑SNEDDS
In the present work, the effect factors for preparation of GTP‑PC‑SNEDDS, including

the weight ratios of GTP‑PC to blank SNEDDS, preparation technology, dilution media,
and dilution multi, were further optimized, and the results are presented in Tables 6–9.
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Table 6. The particle size of GTP‑PC‑SNEDDS with different ratios of drug/blank formula (w/w) in
0.1 M HCl, pH 6.8 PBS, and water (nm).

GTP‑PC/Blank Formula (w/w) 0.1 M HCl Particle Size (nm) pH 6.8 PBS Particle Size (nm) Water Particle Size (nm)

1:5 190.0 ± 23.5 527.5 ± 34.7 205.6 ± 38.1
1:7 47.5 ± 15.2 150.1 ± 21.1 44.6 ± 12.8
1:10 27.8 ± 3.9 52.7 ± 8.4 24.6 ± 3.4

Table 7. The effect of preparation technology on the efficiency of self‑microemulsifacation of GTP‑
PC‑SNEDDS.

Preparation Technology Particle Size (nm) Time (s) Appearance Appearance after Dilution

Ultrasonic 31.2 ± 0.6 69 ± 15 Clear liquid Turbid, clear after 30 min
Stirring (at room

temperature, 25 ◦C) 27.8 ± 3.9 21 ± 6 Clear liquid Clear liquid

Volution 32.6 ± 3.0 47 ± 12 Clear liquid Turbid, clear after 30 min
Placed at 4 ◦C 26.2 ± 2.0 32 ± 9 Layering Clear liquid
Placed at 25 ◦C 31.7 ± 2.4 26 ± 5 Layering Clear liquid
Placed at 30 ◦C 31.3 ± 0.4 23 ± 7 Layering Clear liquid
Placed at 40 ◦C 27.7 ± 0.1 29 ± 3 Layering Clear liquid

Table 8. The effects of different dilution media on the efficiency of self‑microemulsifacation of GTP‑
PC‑SNEDDS.

Different Media Particle Size (nm)

0.1 M HCl 27.8 ± 3.9
pH 6.8 PBS 46.7 ± 2.1

Distilled Water 24.6 ± 3.4

Table 9. The effects of different dilution multi on the efficiency of self‑microemulsifacation of GTP‑
PC‑SNEDDS.

Diluted Multi Particle Size (nm)

100 29.7 ± 4.4
250 27.8 ± 3.9
500 27.5 ± 4.5
1000 3.2 ± 0.6

As described in Table 6, the formulation with the weight ratio of 1:10 (GTP‑PC:blank
SNEDDS) could form a stable self‑microemulsion in both the PBS and HCl. This might
be related to the solubility of GTP‑PC. When the weight ratio was 1:10, the most stable
self‑microemulsion with the smallest particle size could be formed. With the increase
of drug concentration, resulting in the increase of phospholipids, the particle size of self‑
microemulsion became bigger, which would affect the efficiency of the self‑microem‑
ulsification. In addition, the undissolved drugs also had some influence on the particle size
and stability of the system. Therefore, the ratio of drug‑to‑blank medium was 1:10 (w/w).

As shown in Table 7, the GTP‑PC‑SNEDDS prepared by ultrasonic method and vo‑
lution would become turbid after dilution, and then be clear after standing for 30 min.
Therefore, the excessively vigorous preparation process had a certain influence on the
self‑microemulsifying drug delivery system. Prepared by placing at different tempera‑
ture, the self‑microemulsifying drug delivery system would become layered, implying
that it was an unstable system. The GTP‑PC‑SNEDDS, prepared by stirring at room tem‑
perature, was the most stable system with the smallest particle size and the shortest self‑
microemulsification time.
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The effects of different dilution media on the efficiency of self‑microemulsifacation is
shown in Table 8. After being diluted 250 times by different media, the particle diameters
of GTP‑PC‑SNEDDS, from large to small, were: pH 6.8 PBS > 0.1 M HCl ≈ distilled water.
It might be due to the NaCl in the PBS, which can cause salting out to lower the surfactant
content and reduce the solubility of the surfactant, resulting in an increase in particle size.
After repeated verification, the particle size in PBS was about two times larger than that in
HCl, and the system was relatively stable. Considering the cost and ease of operation, the
0.1 M HCl was used to replace pH 6.8 PBS for the following investigation.

As described in Table 9, there was not a significant effect on the particle size of GTP‑
PC‑SNEDDS when it was diluted 100–500 times by 0.1 M HCl. However, the particle size
was remarkably reduced when it was diluted 1000 times, which might be due to the fact
that SNEDDS was in a solution state after being infinitely diluted. In keeping with the
previous investigations, the dilution factor was chosen to be 250 times.

In summary, the preparation process with the following parameters had the highest
efficiency of self‑microemulsifacation of GTP‑PC‑SNEDDS: the ratio of GTP‑PC to blank
was 1:10, and then the mixture was stirred at room temperature to formGTP‑PC‑SNEDDS,
which was diluted 250 times by 0.1 M HCl, subsequently.

After many validation tests, the formulation with the most stable system was deter‑
mined, and it had the highest solubility, a suitable particle size (<100 nm), and a shorter
emulsion time (<2 min). Therefore, the optimal prescription was as follows: Maisin 35‑
1:Miglycol = 30%, Labrasol: Cremophor EL = 14 = 40%, Transcutol P = 30%, and Maisin
35‑1:Miglycol = 12, and the ratio of GTP‑PC to blankwas 1:10; then, themixture was stirred
at 37 ◦C for 1 d and placed for 2 d to form stable GTP‑PC‑SNEDDS.

2.4. Characterization of GTP‑PC‑SNEDDS
2.4.1. Transmittance Electron Microscope

The diluted GTP‑PC‑SNEDDS was examined by a transmission electron microscope.
Because the particle size of GTP‑PC‑SNEDDS was only about 20 nm, which could eas‑
ily form a relatively uniform spherical emulsion, the emulsion droplets were small and
evenly dispersed under transmission electron microscope after negative staining with 1%
phosphotungstic acid.

2.4.2. Droplet Size and Zeta Potential
As presented in Figure 5A,B, the average droplet sizes of GTP‑PC‑SNEDDSdiluted by

pH 1.0 HCl or pH 6.8 PBS were (25.2 ± 5.3) nm and (46.7 ± 8.2) nm, respectively, showing
Gaussian distribution. The Zeta potentials of the GTP‑PC‑SNEDDS diluted by pH 1.0 HCl
or pH 6.8 PBS were (−19.23± 5.84) mV and (−23.43± 3.93) mV, respectively, showing no
significant difference (p > 0.05).

2.4.3. Stability of Microemulsion Particle Size after Microemulsification
As described in Table 10, the particle size of the self‑microemulsifying solution was

not significantly changed within 8 h after dilution with 0.1 M HCl and distilled water
(p > 0.05), and there was no drug for crystallization. However, the particle size of GTP‑PC‑
SNEDDS diluted in pH 6.8 PBS significantly increased with time, and this might be due to
the present of salt in PBS, which can reduce the surfactant content by salting out. The de‑
crease of the surfactant content will reduce the surfactant solubilizing ability and weaken
the self‑microemulsifying ability, resulting in an increase in particle size. The larger par‑
ticle size may be also due to the easily aggregation of the particles when dispersed in pH
6.8 PBS, with time increasing [39].
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Table 10. Stability of particle size after self‑microemulsifying in 0.1 MHCl, pH 6.8 PBS, and distilled
water at 37 ◦C.

Time (h) HCl Particle Size (nm) pH 6.8 PBS Particle Size (nm) Distilled Water Particle Size (nm)

0 27.8 ± 3.9 46.7 ± 2.1 24.6 ± 3.4
1 30.5 ± 5.0 56.7 ± 8.5 28.2 ± 4.1
2 31.5 ± 4.4 62.7 ± 8.4 30.8 ± 4.8
4 32.7 ± 4.3 61.6 ± 5.7 31.4 ± 3.9
8 35.4 ± 5.7 65.3 ± 6.2 34.6 ± 2.5

Therefore, since various salts are present in the intestinal tract, the particle size of the
self‑microemulsifying liquid in the intestinal tract easily became larger.

2.5. Bioavailability Experiments in Rats
Figure 6 shows the complete separation of the GTP in plasma under analytical condi‑

tions (A = 0.0133 C + 0.004, r = 0.9996), where C is the concentration ratio of GTP to theo‑
phylline, and A is the corresponding peak‑area ratio of GTP/theophylline. The results at‑
tained from the RSD inter‑days of low, middle, and high concentrationswere 8.45%, 2.39%,
and 3.78%, respectively. The corresponding RSD intra‑days were 7.99%, 2.59%, and 5.42%,
and the recoveries were (96.67 ± 6.22)%, (102.24 ± 2.71)%, and (102.40 ± 5.58)%, which
indicated recoveries and RSD inter‑days, and the RSD intra‑days were satisfying, with the
lowest detection limit at 50 ng·mL−1.
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Figure 6. Typical chromatograms of (A) blank rat plasma; (B) blank rat plasma with theophylline;
(C) blank rat plasma with theophylline and GTP.

Figure 7 and Table 11 illustrate the mean plasma concentration–time curve of GTP
in rats after oral administration of GTP, GTP‑PC, and GTP‑PC‑SNEDDS (equivalent to
80 mg/kg of GTP). All of them followed a single‑compartment absorption model with first
order. The main pharmacokinetic parameters of GTP and the other three formulations are
presented in Table 11. As shown in Table 11, the Cmax, AUC0–∞, and Fr of three formula‑
tions were significantly higher than that of GTP, demonstrating that GTPwas metabolized
rapidly, and its higher bioavailability could be achieved by the formation of GTP‑PC and
GTP‑PC‑SNEDDS. Among the three formations, the bioavailability of GTP‑PC‑SNEDDS
was highest, with approximately 2.6‑fold and 1.3‑fold of Fr value, compared with GTP‑
PC (suspension) and GTP‑PC (oil solution), respectively. The improved bioavailability by
GTP‑PC and GTP‑PC‑SNEDDS might be attributed to the following reasons: (1) phospho‑
lipids are an important component of cell membrane, having the effects of keeping the cell
membrane fluidity. Moreover, phosphatidylcholine and its digestion product lysophos‑
phatidylcholine could promote lymphatic transport efficiently [40–42]. (2) Comparedwith
that of GTP, the lipophilicity of GTP‑PC was effectively increased, and the dissolution rate
of GTP in GTP‑PC was reduced. Therefore, improved bioavailability could be achieved
by the use of delivery systems, which could enhance the rate and/or the extent of drug ab‑
sorbing into intestinal mucosa [43]. (3) The instability of GTP in GI tract might decrease the
bioavailability and activity of the GTP; however, the GTP‑PC andGTP‑PC‑SNEDDSmight
protect it from metabolization by gastric secretions and gut bacteria [44–46] and improve
the absorption of GTP. (4) By enhancing the solubility of bile to GTP, liver targetingmay be
facilitated, and phosphatidylcholine also acts as a hepatoprotective, hence giving the syn‑
ergistic effect. Additionally, compared with GTP‑PC, these fine droplets, with nano‑size,
produced by GTP‑PC‑SNEDDS could further enhance the dispersion of drug dissolved in‑
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side the oil phase into gastrointestinal fluid, resulting in the significant improvement of
absorption in gastrointestinal (GI) tract.
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Parameter GTP GTP: Phospholipids = 1:2
(Suspension)

GTP: Phospholipids = 1:2
(Oil Solution) GTP‑PCSMEDDS

A 3.486 ± 1.391 8.961 ± 2.677 4.666 ± 0.904 3.954 ± 0.554
Ka/h−1 5.362 ± 3.319 2.275 ± 0.411 6.303 ± 3.873 18.123 ± 15.921
Ke/h−1 0.550 ± 0.295 0.338 ± 0.059 0.115 ± 0.038 0.086 ± 0.045
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Cmax/µg·mL−1 2.417 ± 0.227 7.365 ± 0.760 ** 4.682 ± 1.645 * 4.369 ± 1.503 *
AUC0–∞/µg·mL−1·h 6.273 ± 2.123 23.375 ± 10.665 ** 47.009 ± 20.532 ** 60.749 ± 33.759 **

Fr (%) ‑ 372.65 749.45 968.49

* p < 0.05 and ** p < 0.01 indicate a statistically significant difference, when compared with GTP concentration
used Student’s t test; Ka: rate constant of absorption; Ke: rate constant of elimination; T1/2Ka: absorption half‑life;
T1/2Ke: elimination half‑life; Tmax: time to reach peak concentration; Cmax: the maximum concentration; AUC0–∞:
the area under the plasma concentration–time curve; Fr: relative bioavailability.

3. Materials and Methods
3.1. Material and Animals

National Institute for Control of Pharmaceuticals supplied the reference substances
of GTP with purity of 98%. GTP extract with a purity of 85% (w/w) was isolated in our
laboratory and used for preparation of GTP‑PC and GTP‑PC‑SNEDDS. Soybean phospho‑
lipids were obtained from Shanghai Tai‑Wei pharmaceutical Co. Ltd. (Shanghai, China),
and the phosphatidylcholine content was about 98% (w/w). Egg yolk phospholipid and
hydrogenated phospholipid were presented by Lipoid Company (Ludwigshafen, LS, Ger‑
many). Imwitor 742 andMigyol 812Nwere presented by SASOLCompany (Johannesburg,
JB, South Africa). Maisin 35‑1, Labrasol, Plurol Qleique CC 497, and Transcutol P were pre‑
sented by GATTEFOSSE SAS Company (SAINT‑PRIEST, SP, France). Cremophor EL was
purchased from Shanghai Licheng Food Industry Co., Ltd (Shanghai, China). HPLC‑grade
methanol was purchased from TEDIA company, Inc. (Fairfield, CA, USA). AMilli‑Qwater
purification system (Millipore, Bedford, MA, USA) was used to purify the water. All other
chemicals were of analytical grade.

Male SD rats (180 ± 20 g) were supplied by Experimental Animal Center of Chinese
Academy of Sciences. The rats were housed in an environmentally controlled room. Un‑
less otherwise indicated, standard laboratory food and water were given. The Animal
Experimentation Ethics Committee of Fudan University recommended all animal experi‑
mentation procedures (2019‑03‑YJ‑WJX‑01).
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3.2. Chromatography
The GTP in GTP‑PC was analyzed by LC‑20AB HPLC system with SPD‑20A UV de‑

tector (SHIMADZU, Kyoto, Japan) at 270 nm. The chromatography was performed on a
Venusil MP C18 column 300A (150 mm × 4.6 mm, 5 µm) by using a mixture of methanol–
water (30:70, v/v) as mobile phase at 1mL/min and 30 ◦C. The GTP concentration in plasma
samples were also detected following this method, except for the mobile phase, which was
changed to a mixture of methanol–water (24:76, v/v).

The GTP content in GTP‑PCwas determined according to the external standardmethod.
The peak area of GTP had a good linear relationship, with a concentration ranging from
19.84 to 744 µg/mL. The standard curve equation between peak area of GTP (A) and its
concentration (C, µg/mL) was A = 6808.5C + (r = 0.9999). While the GTP was quantitatively
determined by internal standard method, theophylline was used as internal standard. The
linear regression curve between GTP concentration (C, µg/mL) and peak radio between
GTP and theophylline (A) was calculated. The r value was 0.9996, indicating this curve
had a good linear relationship (A = 0.033 C + 0.004).

3.3. Preparation of GTP‑PC
3.3.1. Complexation Efficiency of GTP‑PC

The complexation efficiency of GTP‑PC was measured as previously reported [36].
Briefly, methanol and dichloromethanewere used to dissolve two samples of GTP‑PCwith
approximately the same amount. After the dichloromethane solutionwas filtered, the GTP
contents in both the methanol and dichloromethane solutions were determined by HPLC,
as described in Section 3.2. The GTP in dichloromethane and methnol was regarded as
complexed GTP and total GTP in GTP‑PC (complexed and uncomplexed), respectively,
because methanol can easily dissolve complexed and uncomplexed GTP in GTP‑PC, while
only complexed GTP in GTP‑PC is dissolvable in dichloromethane. Therefore, the com‑
plexation efficiency was calculated as follows:

Complexation efficiency % = Wc/Wt × 100%

where Wc is the GTP content dissolved in dichloromethane, and Wt is the GTP content
in methanol.

3.3.2. Measurement of Dissociation Rate of GTP‑PC
GTP was easily dissolved in water, but GTP‑PC was practically insoluble. GTP dis‑

solved in water was considered to be from the dissociation of GTP‑PC. The dissolution
studies could be carried out using the paddle method to assess the dissociation of GTP‑
PC [47]. At 37 ◦C, 200 mL of pH 6.8 phosphate buffer saline (PBS) was continually stirred
at 50 rpm in dissolution flasks. The stirredmediumwas first containing GTP‑PC (0.2 g). At
10, 20, 30, 45, 60, and 120 min, 5 mL samples were withdrawn and filtrated with 0.45 µm
cellulose nitrate membranes, and then 5 mL fresh mediums were added into flask. The
GTP concentration in the resulting solution was determined by HPLC by mixing 0.4 mL
filtrate with 4 mL PBS. The dissociation rate was calculated according to the following
equation [48]:

Log C = Log C0 − Kt/2.303

where C0 is the initial concentration of GTP, K is the first order rate constant, and t is the
time in hours.

3.3.3. Investigations of GTP‑PC
GTP and phospholipid were placed in a round‑bottom flask and suspended in differ‑

ent solvents (trichloromethane, ethyl acetate, and tetrahydrofuran) with a certain molar
ratio (GTP: phospholipids = 2:1, 1:1, 1:2, 1:3, and 1:4). Then, the mixture was stirred at
40 ◦C for different times (0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h). The dried residues were col‑
lected as GTP‑PC after the solvent was evaporated off under vacuum at 40 ◦C. By measur‑

141



Pharmaceuticals 2023, 16, 99

ing complexation efficiency and dissociation, the optimal preparation process for GTP‑PC
was determined.

3.4. Characterization of GTP‑PC
3.4.1. Differential Scanning Calorimetry (DSC)

In a nitrogen atmosphere, samples sealed in aluminum crimp cells were heated at
10 ◦C/min from 0 ◦C to 300 ◦C (PERKIN‑ELMER 7, Waltham, MA, USA). The peak transi‑
tion onset temperatures of four types of samples were compared, including phospholipid,
GTP, the mixture of phospholipid and GTP, and the GTP‑PC.

3.4.2. X‑ray Diffractometry (XRD)
Using a graphite monochromator with Cu/Ka radiation with a voltage window of

40 kV and current density of 60 mA with a scanning rate of 4 ◦C/min ranging from 5 ◦C to
45 ◦C, the X‑ray diffraction (D/MAXX Rigaku, Tokyo, Japan) was performed.

3.4.3. Fourier Transform Infrared Spectra (FT‑IR)
Samples were compressed into a KBr pellet, and their FT‑IR spectra were recorded by

FT‑IR spectrometer (Avatar TM 360E.S.P.TM, Avatar).

3.4.4. Thin‑Layer Chromatography (TLC)
Samplewas prepared by dissolving standardGTP,GTP‑PC, the physicalmixture, and

GTP‑PC in methanol. The experiment was carried out according to a TLC test of China
pharmacopoeia. A total of 5 µL solution was spotted onto a silica gel GF254 plate with
ethyl acetate‑menthol‑water (20:2:1, v/v/v) as developing solvent. The resulting plate had
a picture taken under ultraviolet lamp (254 nm).

3.4.5. Ultraviolet (UV) Spectra
Samplemethanol solutionswere scanned by aUV spectrometer over thewavenumber

range of 200–400 nm.

3.4.6. Dissolution Studies in Phosphate Buffer Saline (pH 6.8)
The dissolution studies were carried out according to paddle method demonstrated

in Section 3.3.2. Additionally, samples were withdrawn at 10 min, 20 min, 30 min, 1 h, 2 h,
4 h, 6 h, 8 h, and 12 h.

3.5. Preparation of GTP‑PC‑SNEDDS
3.5.1. Solubility Studies

Suitable excipients forpreparationofGTP‑PCwere screenedby solubility studies. Briefly,
excess GTP‑PCwas added into about 1 g of various oils, surfactants, or co‑surfactants, respec‑
tively. Then, the mixture was shaken at 37 ◦C for 48 h; after centrifuging at rpm for 10 min,
the content of GTP was assayed by HPLC, and the GTP solubility of GTP‑PC in each oily
medium was calculated.

3.5.2. Construction of Pseudo‑Ternary Phase Diagrams
Pseudo‑ternary phase diagrams can be used for preliminary screening of self‑micro‑

emulsifying systems. The points in the triangle represent the different composition ratios
of ternary systems, such as oil phase, surfactant, and cosurfactant. In thiswork, about 1 g of
blank formulation (only including different ratios of oil phase, surfactant, and cosurfactant)
was firstweighed accurately, and then about 10% (w/w) ofGTP‑PCwas added. Themixture
was stirred at 37 ◦C for 24 h and followed to keep for 48 h to observe whether all the drugs
were dissolved and formed a uniform and transparent solution. If so, part of formulation
(equivalent to 4 mg of GTP) was diluted 250 times with 0.1 M HCl and then stirred at
37 ◦C and 50 rpm. If a clear and transparent solution could be formed, it is believed that
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the formulation, including this ratio of oil phase, surfactant, and cosurfactant, could been
used to form microemulsion and draw pseudo‑ternary phase diagrams, in turn.

3.5.3. Investigations of GTP‑PC‑SNEDDS
In order to optimize the preparation process ofGTP‑PC‑SNEDDS, the effects ofweight

ratios of GTP‑PC to blank SNEDDS, preparation technology, dilution media, and dilution
multi were further investigated.

3.5.4. Characterization of GTP‑PC‑SNEDDS
Morphological Characterization

Transmission electronmicroscope (TEM) (PHILIPS CM‑120, Eindhoven, EIN, Nether‑
lands) was used to observe the morphology of SMEDDS. SMEDDS was diluted with dis‑
tilled water 1:25 and gently shaken to mix. Afterwards, a drop of the diluted sample was
placed on copper grids, and the excess was rubbed off with filter paper. The grids were
then stained with 1% phosphor‑tungstic acid solution for 30 s.

Droplet Size and Zeta Potential
Droplet size distribution and zeta potential of GTP‑PC‑SNEDDS were determined

using NICOMP 380 ZLS Zeta Potential/Particle Sizer (PSS‑380, NICOMP, Santa Barbara,
CA, USA).

Solubility
Excess GTP‑PCwas added into about 0.5 g of blank formulation, which was shaken at

37 ◦C for 48 h and then centrifuged at 15,000 rpm for 10min. The solubility of GTP in blank
formulation was evaluated by the content measurement of GTP in supernatant by HPLC.

Self‑Microemulsifying Time
The self‑microemulsifying time of GTP‑PC‑SNEDDS was analyzed according to Chi‑

nese pharmacopoeia (2015 edition). Certain amount of formulation (equivalent to 4 mg of
GTP) was diluted 250 times with 0.1 M HCl, and then stirred at 37 ◦C and 50 rpm. Self‑
microemulsifying time was recorded, since the droplets contacted with the liquid level
to a clear and transparent solution was formed. According to the literature, the time of
self‑microemulsification should not exceed 2 min.

3.6. Bioavailability Experiments in Rats
3.6.1. Plasma Sample Preparation and Validity

A total of 250 µL internal standard solution (4.031 µg/mL theophylline in methanol
solution) was added to 100 µL plasma and agitated for 30 s. Then, the solution was cen‑
trifuged (15 min). Aliquots (20 µL) of the supernatant were injected for HPLC analysis.

Rat plasma blanks were supplemented with different amounts of GTP for valida‑
tion of the method. The resulting concentrations of GTP were 0.13, 0.53, 5.3, 21.2, and
42.4 µg/mL. For testing the method’s precision, accuracy, and detection limit, the calibra‑
tions were subjected to the above analytical procedure.

3.6.2. Pharmacokinetic Study
Twelve four male rats (150–200 g) were divided randomly into four groups, and each

group had six animals. They were fasted for 24 h, but allowed to take water freely. They
were orally administered GTP solution in water (equivalent to 80 mg/kg of GTP), GTP‑PC
suspension in oil (equivalent to 80mg/kg of GTP), GTP‑PC suspension inwater (equivalent
to 80 mg/kg of GTP), and GTP‑PC–SNEDDS (equivalent to 80 mg/kg of GTP), respectively.
About 0.4mL blood sampleswere collected from the tail vein into tubes containing heparin
at 0.17, 0.33, 0.5, 1, 1.5, 2, 4, 6, 8, 12, and 24 h. Plasma was separated by centrifugation
(5000 rpm, 10 min) and stored at −20 ◦C until analysis.
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Peak concentration (Cmax) and peak times (tmax) were derived directly from the exper‑
iment points, and AUC0–∞ was calculated by trapezoidal method. A computer program
called 3p87 was used to compute the rest of the pharmacokinetic parameters.

4. Conclusions
In this study, we firstly prepared GTP‑PC by studying the factors affecting the forma‑

tion of GTP‑PC with complexation efficiency and a dissociation experiment. DSC, XRD,
FT‑IR, TLC, and UV measurements confirmed that GTP is bonded to phospholipids only
through hydrogen bonds and/or van der Waals forces. Then, GTP‑PC was loaded into
SNEDDS by investigating the effects of the weight ratios of GTP‑PC to blank SNEDDS,
preparation technology, dilution media, and dilution multi based on the screening results
of the oils, surfactants, and cosurfactants. As a result, the dissolution of the GTP in GTP‑
PC was delayed, compared with GTP material. In rats, GTP‑PC and GTP‑SNEDDS could
significantly enhance GTP bioavailability, compared with GTP. Our study may serve as a
basis for the clinical applications of GTP‑PC and GTP‑PC‑SNEDDS.

There are also the same limits for this work, for example, the morphology and sizes
of aggregates of GTP‑PC were not characterized. The characterization of SNEDDS with‑
out GTP‑PC, including size, Z‑potential, and PDI, was not clarified. Furthermore, several
studies need to be further executed, such as regarding the absorbedmechanism of GTP‑PC
and GTP‑PC‑SNEDDS, an experiment with the delivery of GTP to show that the GTP‑PC
and GTP‑PC‑SNEDDS are really able to work in vivo.
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Abstract: Transmucosal delivery is commonly used to prevent or treat local diseases. Pranoprofen is
an anti-inflammatory drug prescribed in postoperative cataract surgery, intraocular lens implantation,
chorioretinopathy, uveitis, age-related macular degeneration or cystoid macular edema. Pranoprofen
can also be used for acute and chronic management of osteoarthritis and rheumatoid arthritis. Quality
by Design (QbD) provides a systematic approach to drug development and maps the influence of the
formulation components. The aim of this work was to develop and optimize a nanostructured lipid
carrier by means of the QbD and factorial design suitable for the topical management of inflammatory
processes on mucosal tissues. To this end, the nanoparticles loading pranoprofen were prepared
by a high-pressure homogenization technique with Tween 80 as stabilizer and Lanette® 18 as the
solid lipid. From, the factorial design results, the PF-NLCs-N6 formulation showed the most suitable
characteristics, which was selected for further studies. The permeability capacity of pranoprofen
loaded in the lipid-based nanoparticles was evaluated by ex vivo transmucosal permeation tests,
including buccal, sublingual, nasal, vaginal, corneal and scleral mucosae. The results revealed high
permeation and retention of pranoprofen in all the tissues tested. According to the predicted plasma
concentration at the steady-state, no systemic effects would be expected, any neither were any signs
of ocular irritancy observed from the optimized formulation when tested by the HET-CAM technique.
Hence, the optimized formulation (PF-NLCs-N6) may offer a safe and attractive nanotechnological
tool in topical treatment of local inflammation on mucosal diseases.

Keywords: design of experiment; porcine mucous membrane; ophthalmic tissues; permeation;
nanostructured lipid carriers

1. Introduction

Pranoprofen (PF) or 2-(5H-chromeno[2,3-b]pyridin-7-yl)propanoic acid is a non-steroidal
anti-inflammatory drug (NSAID), which can be used as an effective and safe anti-inflammatory
treatment option in ocular therapy [1–3]. It is usually indicated in chronic but non-bacterial
inflammatory processes affecting the anterior segment of the eye and in the treatment of
postoperative pain of cataract or strabismus surgery [4]. PF may also be used to control the
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inflammation and pain in the posterior segment, such as in the case of posterior chamber
intraocular lens implantation, acute central serous chorioretinopathy, uveitis age-related
macular degeneration or cystoid macular edema [5]. PF can also be used for acute and
chronic management of osteoarthritis and rheumatoid arthritis [6,7]. PF inhibit COX-1 and
COX-2 enzymes, and thus it blocks arachidonic acid being converted to eicosanoids and
reduces prostaglandins synthesis. Although this drug has shown high anti-inflammatory
and analgesic efficiency, and its side effects on the gastrointestinal tract are minimal, the
pharmaceutical use of PF is limited due to its inadequate biopharmaceutical profile. PF
has a short plasmatic half-life, low water solubility and is unstable in aqueous solution,
particularly when exposed to light [6,8].

The application of NSAIDs through the mucosal tissues offers a set of advantages,
e.g., it avoids the first pass metabolism, averts the risk of gastrointestinal disturbance,
targeting only the areas of disease. The use of ophthalmic NSAIDs is the usual treatment to
prevent and treat common ocular disorders inflammatory [9]. However, this conventional
dosage form cannot be considered optimal in the treatment of ocular diseases due to
the fact that most of the drugs is removed from the surface of the eye, following the
instillation, by various mechanisms (tear dilution and tear turn over). Moreover, the
relatively impermeable corneal barrier restricts the entry of foreign substances. As a
result, less than 5% of the administered drug penetrates the cornea and reaches intraocular
tissues [10].

Intranasal drug application is currently most used for the treatment of local inflamma-
tions such as common rhinitis, allergic rhinitis or for easing nasal congestion. The main
advantage of nasal administration is the rapid drug absorption through this membrane
due to the prevailing physical conditions of the nose, such as good blood circulation of
the nasal mucosa, resulting in a quick local effect, and the rapid onset of action. Due to
the fast local absorption, an unintentional systemic distribution of the active ingredient is
prevented, eliminating the first pass metabolism and its side effects are avoided [11,12].
Other advantages are the high permeability of some drugs in the nasal epithelium and
better compliance with the recommended treatment, improved comfort for the patient, and
a sustained and prolonged effect compared to other delivery systems such as oral drug
delivery systems [11].

The administration of drugs through the oral mucosa, particularly the buccal and sub-
lingual mucosa, has been attracting great interest. The main advantage of using the buccal
route is the direct access of drugs to the systemic circulation by the internal jugular vein,
eliminating the hepatic first-pass metabolism and mitigating possible side effects [13,14].
Nevertheless, buccal drug delivery suffers from some disadvantages such as low perme-
ability and a smaller absorptive surface area, in contrast to the high absorptive surface area
of the small intestine [15,16].

Vaginal drug delivery treats or prevents diseases and allows a controlled or enhanced
drug absorption with the advantage of a systemic circulation delivery of drugs avoiding the
hepatic first-pass effect and gastrointestinal interferences while assuring, in accordance with
the selected formulation, stable and/or high local concentrations and reduced, enhanced
and/or controlled systemic absorption [17].

In an attempt to overcome, the biopharmaceutical profile and improve the perme-
ability of drugs through the tissues, nanostructured Lipid Carriers (NLCs) are one of the
colloidal systems that have been most widely studied due to their characteristics such as
small particle size, biocompatibility, prolonged release, drug protection, and incorporation
of both hydrophilic and lipophilic drugs [18]. In ocular delivery, conventional ophthalmic
formulations are effortlessly drained through the nasolacrimal pathway, while nanoparti-
cles are cleared more slowly and therefore can release the drug upon interaction with the
cornea over a longer time period [10].

Taking into account all these considerations, the main purpose of the work in question
here was to target PF-loaded NLCs (PF-NLCs) in mucosal tissues (buccal, sublingual nasal,
vaginal, cornea and sclera) with controlled release effect, enhancing the contact of the PF
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and improving its mucosal tissues retention, thus to increase the anti-inflammatory and
analgesic. For this purpose, a factorial design and detailed statistical studies shed light on
the most adequate lipid and led to the optimized formulation with physicochemical prop-
erties to permeate the mucosae in a competent way. Taking into consideration that factorial
designs provide the maximum information from the least number of experiments [19],
a 23 +star central composite factorial design was applied to study the main effects and
interactions of three factors: PF concentration (cPF), the concentration of the solid lipid
in relation to the liquid lipid (cSL/cLL) and the concentration of Tween® 80 (cTW), on
dependent variables: average particle size (Z-Ave), zeta potential (ZP) and polydispersity
index (PI), and encapsulation efficacy (EE). From a total of 16 formulations obtained by
factorial design, an optimized formulation was selected to carry out additional studies.
These formulations were characterized for their morphology rheological and extensibility.
The physical stability of the optimized formulation was also evaluated, as well as the ex
vivo permeation profile through porcine mucosal tissues (buccal, sublingual nasal, vaginal,
cornea and sclera) and the in vitro tolerance study were assessed.

Design of Experiments is extensively used for the implementation of Quality by
Design (QbD) in research and industrial settings. In QbD, formula (product) and process
understanding are the key enablers of assuring quality in the final product [20]. QbD is not
only a guide, but it also provides a systematic approach to drug development, focusing on
quality through the application of analytical and risk management methodologies for the
design, development and manufacture of new drugs. Likewise, it maps the influence and
interaction of various formulations and operating parameters on process performance [21].

2. Results
2.1. Lipid Screening

The PF was dissolved in different solid lipids (SL) and liquid lipids (LL) in order to
determine the components of the lipid phase before producing the NLCs containing PF.
Therefore, components of the lipid phase were determined by evaluating the solubility of
PF in 14 different lipids as shown in Table 1. Selected liquid lipids included LAS (PEG-8
Caprylic/Capric Glycerides), Castor oil, rose mosqueta oil, plantacare oil, Jojoba oil and
Miglyol® 812, and isopropyl myristate. The solubility of PF was also evaluated in solid
lipids such as stearic acid, Precifac® ATO, Compritol® ATO 888, Precirol® ATO 5, Lanette®

18, Geleol® and Gelucire®. Following on from this, PF (0.1 to 1% of PF was dissolved in
different SL and LL or physical mixtures of them (PF, 1.5 to 3%, with regard to total lipid).
PF in either physical mixtures or lipids was heated at about 10 ◦C above the melting point
of the SL. The samples obtained were then observed to verify the presence/absence of
insoluble drug crystals. The next step was that the mixtures were cooled down to room
temperature (RT) for solidification, and this was followed by the analysis of the lipids and
PF by Differential Scanning Calorimetry (DSC) to evaluate non-solubilized PF. The analysis
was carried out under the conditions described below in the assessment of the lipid matrix
crystallinity. Another condition that we imposed is that any resulting solid lipids that were
“soft” or “semi-solid” at room temperature were not considered for the design of the NPs
(Tables 1 and 2).
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Table 1. Solubility of pranoprofen in different solid lipids and liquid lipids.

0.1% PF 0.5% PF 1.0% PF
Lipid Raw Materials Solubility Appearance Solubility Appearance Solubility Appearance

SOLID LIPIDS
Stearic acid − Semi-solid − Semi-solid − Semi-solid
Precifac® ATO − Hard − Hard − Hard
Compritol® 888 ATO − Soft − Soft − Soft
Lanette®18 + Hard + Hard − Hard
Precirol®ATO 5 + Hard + Hard − Hard
Gelucire® 44 + Semi-solid − Semi-solid − Semi-solid
Geleol® − Soft − Soft − Soft

LIQUID LIPIDS
Isopropyl myristate + Clear solution − Precipitation − Precipitation
Plantacare oil + Clear solution + Clear solution − Precipitation
Miglyol® 812 + Clear solution − Precipitation − Precipitation
Rose mosqueta oil + Clear solution − Precipitation − Precipitation
Jojoba oil + Clear solution − Precipitation − Precipitation
Castor oil + Clear solution + Clear solution − Precipitation
LAS (PEG-8 Caprylic/Capric
Glycerides) + Clear solution + Clear solution + Clear solution

+ pranoprofen is soluble; − pronoprofen is insoluble.

Table 2. Solubility of pranoprofen in mixtures of lipids.

1.5% PF 2.0% PF 3.0% PF
Physical Mixtures of Lipids Solubility Appearance Solubility Appearance Solubility Appearance

LAS:Castor oil (50:50) + Clear solution − Precipitation − Precipitation
LAS:Castor oil (60:40) + Clear solution − Precipitation − Precipitation
LAS:Castor oil (75:25) + Clear solution + Clear solution − Precipitation

Precirol®ATO 5:(LAS-Castor oil
(75:25)) 40:60

+ Semi-solid + Semi-solid − Semi-solid

Precirol®ATO 5:(LAS-Castor oil
(75:25)) 50:50

+ Hard + Hard − Hard

Precirol®ATO 5:(LAS-Castor oil
(75:25)) 60:40

+ Hard − Hard − Hard

+ pranoprofen is soluble; − pronoprofen is insoluble.

Based on the results from the lipid screening, the selected lipids for the preparation of
the PF-NLC formulations were Castor oil, LAS and Lanette® 18. In previous studies, we
formulated the NLCs with Castor oil, LAS and Precirol® ATO 5, which were chosen and
studied [8,18].

2.2. Design of Experiments

The PF-NLC formulations were optimized by means of a 23 + star central composite
rotatable design (Tables 3 and 4). The main effects and interactions of the independent
variables, such as concentration of solid lipid with regard to liquid lipid (cSL/LL), concen-
tration of PF, and concentration of Tween 80® (cTW) were investigated on the mean particle
size (Z-Ave), polydispersity index (PI), zeta potential (ZP) and encapsulation efficiency
(%EE). A total of 16 experiments are summarized in Table 4.
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Table 3. Factors and their corresponding coded levels of experimental design.

Factors −1.68 −1 0 1 1.68

cSL/LL (%) 43.2 50 60 70 76.8
cPF (%) 0.16 0.5 1 1.5 1.84
cTW (%) 2.16 2.5 3 3.5 3.84

cSL/LL: concentration of solid lipid concerning liquid lipid; cPF: concentration of PF, cTW: concentration of
TW 80.

Table 4. Independent and dependent variables of the 23 start central composite rotatable factorial
design factors.

Formulations Independent Variables Dependent Variables

cSL/LL cPF cTW Z-Ave (nm) Pl ZP (mV) EE (%)

PF-NLCs-N1 1 70 1 1.5 1 3.5 219.3 0.305 −10.70 98.30
PF-NLCs-N2 0 60 0 1 −1.68 2.16 329.5 0.373 −10.56 98.50
PF-NLCs-N3 −1 50 −1 0.5 −1 2.5 449.1 0.452 −12.48 96.90
PF-NLCs-N4 −1.68 43.2 0 1 0 3 345.1 0.365 −8.60 98.54
PF-NLCs-N5 0 60 0 1 0 3 283.5 0.287 −10.20 97.21
PF-NLCs-N6 −1 50 1 1.5 −1 2.5 214.2 0.266 −10.81 98.33
PF-NLCs-N7 1 70 −1 0.5 −1 2.5 267.4 0.478 −8.56 94.30
PF-NLCs-N8 0 60 −1.68 0.16 0 3 345.8 0.499 −9.60 93.36
PF-NLCs-N9 −1 50 −1 0.5 1 3.5 321.5 0.419 −10.00 98.15
PF-NLCs-N10 1.68 76.8 0 1 0 3 290.9 0.363 −9.99 98.49
PF-NLCs-N11 0 60 1.68 1.84 0 3 327.9 0.267 −8.96 91.54
PF-NLCs-N12 0 60 0 1 1.68 3.84 359.7 0.486 −8.34 93.58
PF-NLCs-N13 0 60 0 1 0 3 272.8 0.294 −10.50 97.86
PF-NLCs-N14 −1 50 1 1.5 1 3.5 252.4 0.286 −10.34 97.22
PF-NLCs-N15 1 70 1 1.5 −1 2.5 257.1 0.295 −9.84 97.15
PF-NLCs-N16 1 70 −1 0.5 1 3.5 387.8 0.34 −10.3 90.1

cSL/LL: concentration of solid lipid concerning liquid lipid; cPF: concentration of PF; cTW: concentration of TW
80; Z-Ave: mean particle size; PI: poly dispersity index; ZP: zeta potential and EE: encapsulation efficiency.

Four statistical techniques are presented to reveal and visualize the relationship be-
tween the aforementioned trials, the independent variables (cLS/L), (cPF), (cTW) and the
dependent variables (ZP (mv), Z-Ave (nm), Pl and EE (%)).

2.2.1. Principal Component Analysis (PCA)

PCA is a classic multivariate analysis technique used to represent n trials in a synthetic
variables space known as principal components. This method permits the better visualization
of the most representative variables and trials’ behavioural patterns of each component.
For further details, see the work of Peña [22].

The stages of PCA consist of: (i) plotting and measuring the percentage of explained
variability of each principal component, (ii) deciding the number of components, (iii)
representing and interpreting results through biplots.

Figure 1 shows a scree plot of the variance of each principal component, and Table 5
shows a descriptive summary of the importance of all the components. The decomposition
into 3 first principal components explain 74% of the information. Under the elbow criterion,
this threshold might be considered high enough to draw conclusions from it.
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Table 5. Summary of importance of principal components.

Importance of Components

PC1 PC2 PC3 PC4 PC5 PC6 PC7

SD 1.5804 1.2667 1.0206 0.9006 0.8158 0.4872 0.3770
Prop V 0.3568 0.2292 0.1488 0.1159 0.0951 0.0339 0.0203
Cum P 0.3568 0.5860 0.7348 0.8507 0.9458 0.9797 1.0000

SD: standard deviation; Prop V: proportion of variance, and Cum P: cumulative proportion.

Table 6 presents a correlation matrix between variables and principal components. We
consider a high representation of variables whose correlation with the component is higher
than 70%.

Table 6. Correlation matrix of variables and principal components.

Importance of Components

PC1 PC2 PC3 PC4 PC5 PC6 PC7

cLS/LL −0.01 0.51 −0.79 0.15 −0.25 0.16 0.04
cPF 0.83 0.31 0.18 0.12 0.26 0.25 −0.19
cTW −0.20 0.56 0.57 0.18 −0.53 0.04 0.00

Z-Ave (nm) −0.79 −0.29 0.16 0.34 0.21 0.30 0.11
Pl −0.86 −0.14 −0.10 −0.37 −0.12 0.09 −0.25

ZP (mV) −0.23 0.72 0.13 −0.56 0.28 0.06 0.13
EE(%) 0.58 −0.56 0.06 −0.42 −0.34 0.22 0.10

cLS/LL: concentration of solid lipid concerning liquid lipid; cPF: concentration of pranoprofen; cTW: concentration
of Tween 80; Z-Ave: mean particle size; PI: polydispersity index; ZP: zeta potential and EE: encapsulation efficiency.

Figure 2a is a biplot for the first and second principal components (PC1–PC2). The
x-axis (PC1) is represented mainly by cPF, Z-Ave (nm) and Pl. The latter has a negative
strong correlation with variables cPF and Z-Ave (nm), specifically the greater the values of
cPF, the lower the values cPF and Z-Ave (nm) and vice versa. In particular, trial 8 has the
highest levels of Pl and Z-Ave (nm), the very opposite of trials 1, 14 and 15.

The most represented variables on the y-axis (PC2) are ZP (mv) and EE, both are
inversely related. Trials 12, 16, 7 and 11 have the largest concentrations of ZP (mv); and
thus, the lowest EE, in contrast to trial 2 which has the maximum EE (%).

Trials 4, 5 and 10 showed mean concentrations of both types of variables, dependent
and independent.
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Figure 2b is a biplot for the first and third principal components (PC1-PC3). The x-axis
(PC1) is weakly represented by cLS/LL and cTW, both variables are inversely correlated.
Trials 2 and 10 have the largest levels of cLS/LL and the lowest of TW. In contrast, trials 4
and 9 have the highest TW and cLS/LL. In addition, the y-axis (PC3) has no correlations
larger than 70%.
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2.2.2. Boxplots

Figure 3 shows three boxplots with cLS/LL, cPF and cTW represented on each x-axis
and compared to their corresponding Z-Ave (nm), Pl, ZP (mV) and EE (%).
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Figure 3. Boxplots of independent variables (cLS/LL, cPF and cTW) according to their corresponding
dependent variables (Z-Ave (nm), Pl, ZP (mV) and EE (%)), represented in subfigures (A–C) respec-
tively. X1, X2 and X3 denote cLS/LL, cPF and cTW, respectively, and Y1, Y2, Y3 and Y4 denote Z −
Ave (nm), Pl, ZP (mV) and EE (%), respectively.
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When independent variables take extreme values (−1.76 or 1.76), the interquartile
range is extremely small, in fact, dependent variables are barely influenced. However,
when independent variables take more intermediate values, the dependent ones present
a much higher dispersion; thus, they become more sensitive to changes in cLS/LL, cPF
and cTW.

2.2.3. Multivariate Analysis of Variance

The multivariate analysis of variance (MANOVA) is an extension of the ANOVA
which includes two or more dependent variables instead of only one. It is used to examine
the effects of factor independent variables cLS/LL, cPF, cTW on continuous dependent
variables Z-Ave (nm), ZP (mV), Pl and EE (%).

Table 7 shows the results of Manova. cPF is the only statistically significant variable at
the 5% level. Therefore, the means of the levels of the factor cPF are significantly different
from each other in all the responses (dependent variables).

Table 7. Correlation matrix of variables and principal components.

Degrees of
Freedom Pillai Approx F

Statistic

Degrees of
Freedom

(Numerator)

Degrees of
Freedom

(Denominator)
Pr (>F)

cLS/LL 1 0.26843 0.8256 4 9 0.54092
cPF 1 0.69140 5.0409 4 9 0.02071 *
cTW 1 0.12866 0.3322 4 9 0.84961

Residuals 12 - - - - 0.54092

Significance codes: * = 0.01.

2.2.4. Four-Dimensional Graphics

Figure 4 shows four (A, B, C and D) four-dimensional (4D) plots that reveal the
relationship of the independent variables (cLS/LL, cPF and cTW) with the dependent
variable (ZP (mV). In this case, cLS/LL is represented on the x-axis and cPF on the y-axis,
both variables plotted by each one of the 5 levels of cTW, and coloured by the intensity of
ZP (mV), Z-Ave (nm), Pl and EE (%), respectively.

Case A of Figure 4 shows that intermediate values of cLS/LL, cPF and cTW stimulate
a medium concentration of ZP (mV), but low values of cLS/LL and cPF with intermediate
values of cTW decrease substantially the concentration of ZP (mV).

Case B of Figure 4 shows that intermediate values of cLS/LL, cPF and cTW generate a
medium concentration of Z-Ave (nm), in contrast to intermediate levels of cLS/LL and cPF
with high levels of cTW that influence Z-Ave (nm) to range from 300 to 400 approximately.
Low levels of cLS/LL and cPF with intermediate levels of cTW substantially increase the
concentration of Z-Ave (nm). Moreover, high levels of cPF with intermediate levels of cTW
tend to decrease the concentration of Z-Ave (nm).

Case C of Figure 4 shows that intermediate levels of cLS/LL, cPF and cTW cause a
low concentration of Pl. However, intermediate values of cLL/LL and cPF with high levels
of cTW decrease the concentration of Pl. Low levels of cLS/LL and cPF with intermediate
levels of cTW cause a medium concentration (0.36–0.45 approximately) of Pl. Moreover,
high levels of cPF with intermediate values of cTW decrease the concentration of Pl, while
low values of cPF with intermediate values of cLS/LL and TW increase the concentration
of Pl.

Case D of Figure 4 shows that intermediate values of cLS/LL and TW generate a
medium-high concentration (69–98) of EE (%). However, intermediate values of cLS/LL
and cPF with high values of cTW decrease the concentration of EE (%). Low levels of
cLS/LL and cPF with intermediate values of cTW cause a medium concentration of EE (%).
Intermediate values of cLS/LL and cPF with low values of cTW increase the concentration
of EE (%) whilst with high values of cTW, the concentration of EE (%) decreases.
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2.3. Physicochemical Characterization
2.3.1. Particle Size, Zeta Potential and Encapsulation Efficiency

The developed PF-NLCs formulation selected was the number 6 (see Table 4), which
exhibited a Z-Ave around 214.20 nm, a negative surface charge with ZP values around
−10.81 mV, and PI values of 0.266 that indicate a monomodal distribution (lower than 0.3).
The percentage of EE shows values around 98% indicating that PF is inside of the NLCs. To
evaluate the presence of large particles, the Z-Ave for PF-NLCs was measured by Laser
Diffraction (LD) using a Mastersizer Hydro 2000 (Malvern Instrument Ltd., Malvern UK).
After one day of production, PF-NLCs-N6 showed values of 0.087 d (0.1), 0592 d (0.9) and
0.199 d (0.5), which indicated that more than 50% (V) of the particles were smaller than 199
nm in all cases.

2.3.2. Morphological Characterization

The morphology of the optimized PF-NLCs was determined by SEM. The results
showed spherical and no aggregated particles (Figure 5); the mean particle size of the
sample was 192.37 nm ± 48.56 nm, confirming the results obtained by Photon correla-
tion spectroscopy.
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Figure 5. Scanning Electron Microscopy image of PF-NLCs-N6 and the related histogram.

2.4. Rheological Studies

The mathematical Cross best fitted the data. Figure 6 shows the rheological behaviour
of PF-NLCs-N6. In addition, the viscosity at 25 ◦C from the constant velocity period of
50 s–1 was 0.77 × 102 ± 0.76 mPa·s, demonstrating repeatability between samples (n = 3) in
the rheological results.
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Figure 6. Rheological behaviour of PF-NLCs-N6.

2.5. Extensibility (Spreadability)

PF-NLCs showed a first-order model (Figure 7). The maximum extensibility (Ymax)
obtained by the mathematical modelling was 2.023 ± 0.088 cm2 and the constant (K) was
0.138 ± 0.022 g−1. The data are expressed as mean ± standard deviation of three replicates
(n = 3).
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Figure 7. Fitting of PF-NLCs-N6 for the extensibility at 25 ± 2 ◦C; 60% ± 5% RH (n = 3). The
extensibility followed a first-order model.

2.6. Stability Studies

The prediction of the accelerated stability of the PF-NLCs-N6 was evaluated for 60 days
and measured to assess their short-term stability. It was studied after 1, 30 and 60 days of
storage at 25 ◦C. Turbiscan® Lab was used to observe the destabilization processes such as
the alteration in the migration speed of the particles (vertical sections of the graph) and the
variation in size (horizontal section of the graph) (Figure 8).

The migration of the particles to the top part of the cell leads to a drop in the concen-
tration in the bottom part. This is shown as a drop in the backscatter signal (negative peak)
and in reverse for the phenomena that happen in the top part of the vial. It is considered
that the backscatter profile with a deviation of ± 5% does not present significant variations
in particle size. Variations of ± 10% indicate that the formulation is unstable. It was
observed that the back-scattered light profile did not show fluctuations greater than 5%,
which indicates that our formula remained stable stored at 25 ◦C.
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Figure 8. Backscattering of the PF-NLCs-N6 at different stability time points stored at 25 ◦C (n = 3).
The left side of the curve represents the bottom of the vial, and the right side is the behaviour in the
upper part of the vial.

In addition, physical-chemical properties were measured over 90 days of storage at
25 ◦C and 4 ◦C, and the results are shown in Tables 8 and 9.

The graphics of Figure 9a,b show the evolution of Z-Ave (nm), ZP (mV), EE (%) and
PI over 90 days when the temperature is 25 ◦C and 4 ◦C, respectively. Z-Ave (nm) and ZP
(mV) do not show relevant changes across time. However, the behaviour of EE (%) in the
first and last days of the trial at 25 ◦C is in contrast to the trial of 4 ◦C. PI has a sudden rise,
in comparison to the other trial, on the fourteenth day, when the temperature is 4 ◦C.
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Table 8. Physicochemical stability of PF-NLCs-N6 at 25 ◦C (n = 3), monitored by the evaluation of
any change in the following parameters: mean particle size, polydispersity index, zeta potential and
encapsulation efficiency.

Time (days) Z-Ave (nm) ± SD PI ± SD ZP (mV) ± SD EE (%)

1 218.09 ± 3.97 0.297 ± 0.03 −10.13 ± 0.11 98.02
7 232.07 ± 5.43 0.299 ± 0.06 −10.01 ± 0.09 97.46

14 267.97 ± 3.93 0.304 ± 0.03 −10.00 ± 0.07 97.54
30 300.72 ± 8.76 0.312 ± 0.05 −9.89 ± 0.16 96.68
60 318.21 ± 5.12 0.329 ± 0.06 −9.53 ± 0.20 96.03
90 326.07 ± 4.88 0.344 ± 0.05 −9.48 ± 0.09 96.52

Table 9. Physicochemical stability of PF-NLCs-N6 at 4 ◦C (n = 3), monitored by the evaluation of
any change in the following parameters: mean particle size, polydispersity index, zeta potential and
encapsulation efficiency.

Time (days) Z-Ave (nm) ± SD PI ± SD ZP (mV) ± SD EE (%)

1 220.14 ± 4.92 0.288 ± 0.04 −10.25± 0.10 97.99
7 242.10 ± 3.63 0.301 ± 0.04 −10.16± 0.07 98.45

14 256.24 ± 4.09 0.299 ± 0.05 −9.90 ± 0.09 97.73
30 284.15 ± 5.09 0.309 ± 0.04 −9.76 ± 0.12 97.12
60 303.16 ± 5.94 0.316 ± 0.04 −9.66 ± 0.15 97.23
90 315.02 ± 4.83 0.327 ± 0.06 −9.52 ± 0.08 96.81
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2.7. Ex Vivo Permeation Studies in Porcine Mucosal Tissues

We estimated the permeation parameters starting from the ex vivo permeation studies
on different mucosal tissues, including six replicates per tissue. Table 10 reports the results
obtained for flux, lag-time, partition and diffusion coefficients as well as the permeability
coefficient. Cornea showed the greater flux, whereas similar values were observed for the
rest of the mucosae (buccal, sublingual, nasal, vaginal and scleral tissue).

Regarding the lag time Tl (h), which is the time for the drug to reach the steady
state, very quick absorption took place in the cornea. Nasal and vaginal mucosae showed
intermediate lag-times, and buccal, sublingual and scleral tissue took a long time to reach
the steady-state. This is probably correlated to the diffusion coefficient, which apparently
is the major mechanism involved in the permeation (versus the partition coefficient),
which in turn, may be due to the structural differences of the tissues tested [23,24]. The
permeability coefficients were also similar for the four mucous membranes and about twice
for the cornea.
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Table 10. The results of the permeation parameters of PF at 6 h from the selected formula in the
different mucosal tissues tested, n = 6 each. The results are reported as the median (maximum and
minimum): Flux (Jss), lag time (Tl), partition coefficient P1, diffusion coefficient P2, permeability
coefficient (Kp).

Buccal Sublingual Nasal Vaginal Sclera Cornea

Jss (µg/h) 2.46 2.34 3.26 2.59 2.57 5.02
(2.14–2.96) (2.14–2.63) (2.45–5.11) (1.96–2.84) (2.15–2.83) (4.15–6.32)

Tl (h)
4.10 3.67 1.18 0.94 3.66 0.09

(3.92–4.37) (3.14–4.99) (0.83–1.94) (0.51–1.31) (2.41–4.93) (0.04–0.11)

P2 (10−1 h–1)
0.41 0.45 1.41 3.26 0.45 18.52

(0.38–0.42) (0.33–0.53) (0.86–2.01) (1.27–1.77) (0.33–0.69) (15.15–41.67)

P1 (10−3 cm)
0.16 0.13 0.06 0.03 0.15 0.007

(1.30–2.00) (1.00–2.10) (0.30–1.60) (0.10–0.60) (0.80–2.20) (0.03–0.11)

Kp (10−4 cm/h)
0.65

(0.56–0.78)
0.61

(0.56–0.69)
0.85

(0.64–1.34)
0.68

(0.51–0.74)
0.67

(0.56–0.74)
1.32

(1.09–1.66)

Table 11 shows the recovery of PF from each tissue studied after the application of
PF-NLCs-N6. In addition, Table 12 reports the amount of PF remaining in the tissues,
expressed per surface area of mucosa exposed and per gram of tissue.

Table 11. The results of the pranoprofen recovery with phosphate-buffered saline (PBS), expressed as
a percentage of the recovery, and its relative standard derivation (%RSD); n = 3 each.

Membrane Recovery
(%)

RSD
(%)

Buccal 17.03 1.60
Sublingual 8.72 0.70

Nasal 16.03 1.36
Vaginal 12.65 0.71
Sclera 12.97 1.15

Cornea 15.01 1.34

Table 12. The results of the retained amount (Qr) of pranoprofen at 6 h from the selected formula
(PF-NLCs-N6) in the tissues (buccal, sublingual nasal and vaginal, cornea and sclera), n = 6 each.
Values are reported as median (maximum and minimum).

Membrane Qr (µg/cm2/g)

Buccal
1488.52

(1227.62–1563.24)

Sublingual 3198.92
(3005.43–3321.72)

Nasal
1879.92

(1765.70–1990.44)

Vaginal 591.01
(437.20–625.30)

Sclera
1842.73

(1711.32–1897.90)

Cornea
745.09

(623.72–804.57)

Table 13 shows the plasma concentration that would be achieved in the steady-state
after the application of PF-NLCs-N6 on 1 cm2 of porcine mucous membrane (buccal,
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sublingual, nasal and vaginal) and ophthalmic tissues (sclera and cornea). The predicted
Css values were below the therapeutic concentrations in plasma 4.89 ± 1.29 µg/mL for
young subjects and 10.19 ± 2.43 µg/mL for elderly subjects [25].

Table 13. Predicted plasma levels of PF at the steady-state (Css) for the young and elderly populations,
obtained from the selected formulation applied on 1 cm2 of porcine mucous membrane (buccal,
sublingual, nasal and vaginal) and ophthalmic tissues (sclera and cornea). Data are reported as
median (min-max).

Membrane Young Subject
Css (ng/mL)

Elderly Subject
Css (ng/mL)

Buccal
2.14 4.04

(1.87–2.58) (3.51–4.87)

Sublingual 2.04 3.84
(1.87–2.29) (3.51–4.32)

Nasal
2.84 5.35

(2.14–4.46) (4.02–8.39)

Vaginal 2.26 4.25
(1.71–2.48) (3.22–4.67)

Sclera
2.24 4.22

(1.87–2.47) (3.53–4.65)

Cornea
4.38 8.24

(3.62–5.51) (6.81–10.38)

2.8. Hen’s Egg Test on the Chorioallantoic Membrane (HET-CAM)

To establish ocular tolerance, an HET-CAM in vitro test was applied. PF-NLCs-N6 and
free PF-NLCs were tested in the CAM of 3 eggs per formulation, to determine the possible
rapid irritation reaction. The addition of 0.1 N NaOH (positive control) produced intense
vasoconstriction and haemorrhage. In contrast, 0.9% NaCl (negative control) produced
no reaction over the time tested. Similarly, the application of PF-NLCs-N6 onto the CAM
did not expose any sign of intolerance or vascular alteration. Considering Figure 10, it is
possible to confirm the suitability for ocular administration.
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3. Discussion

AINEs in pig mucous and ocular tissues can be studied to learn a lot about veterinary
and human medicine. Pig eyes are useful in comparative studies due to their many parallels
to human eyes, including possessing a holangiotic retinal vasculature, cone photoreceptors
in the outer retina, no tapetum, and they have a similar scleral thickness, making them
very useful in comparative research [26]. When compared to other animal models, porcine
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buccal mucosa has been employed most frequently as a representative model for human
buccal mucosa historically by multiple prestigious research groups worldwide [27,28].

The mouth can be affected by significant inflammatory processes because of localized
or systemic diseases manifest in various types of buccal sores, such as lichen planus or
canker sores, conditions that commonly present with inflammation and pain. In addi-
tion, although the oral cavity has its own bacterial flora, a qualitative and quantitative
imbalance of this ecosystem leads to infections that produce inflammatory processes [29].
Regarding porcine vaginal mucosa, comparative studies with human vaginal mucosa reveal
similarities in the morphology between species, both possess a nonkeratinized, stratified,
squamous surface epithelium. The lipid composition of vaginal epithelium from pigs and
humans shows similar concentrations of lipids, including ceramides, glucosyl ceramides,
and cholesterol, which are the key permeability barrier components. This similarity in
barrier lipids is reflected functionally in the data from permeability studies [30]. Concern-
ing the nasal mucosa, morphological similarities between porcine and human mucosa,
combined with ethical considerations when using pig model for studies, are reasons to
continue with in vivo nasal absorption studies in various animal models that are correlated
with human data and that have recently been presented [31].

A drug’s capacity to pass through mucous membrane and ocular tissues, such as
PF, depends on both its physicochemical characteristics and the pharmaceutical formula-
tion [32,33]. To reduce inflammation, it is essential to make sure the medicine is delivered to
the site of action at therapeutic concentrations, and that these concentrations remain there
for a long time. In this regard, using NLCs is a judicious substitute for using traditional
medications. PF-NLCs-N6 was selected as the optimized formulation based on the qualities
observed in the factorial design (Table 4). It is common knowledge that smaller particles
adhere more strongly to surfaces such as tissues. SEM pictures attest to the effectiveness
of the preparation strategy. The ZP is a measure of the particle charge which can influ-
ence both the stability of the particle and its mucoadhesion. Aggregation is prevented
by electrostatic repulsion between particles with the same polarity of electrical charge.
There was a net negative charge in every formulation. Although values of about ± 10 mV
in zeta potential value may be considered too low to ensure stability, the results of the
stability study demonstrated the PF-NLCs-N6 was a stable system. The stability is probably
maintained by the addition of Tween® 80 in the formulation, since non-ionic surfactants
stabilize the colloidal systems by the steric effect instead of electrical repulsion between
particles [34]. Concerning the relationship between mucoadhesion and the surface particle
charge, it is accepted that the presence of a cationic surface charge in the lipidic nanocarrier
may increase the residence time compared to negatively charged nanocarriers, because the
positively charged systems interact with the corneal epithelium and the mucins from tears
fluid and the conjunctiva, which they are all negatively charged [35,36].

The rheological and viscosity results suggest that the formulation can be easily and
gently applied, resulting in low values of viscosity. The formulation was evaluated for
extensibility or spreadability, which fitted first-order kinetics. The results suggest that the
formulation is suitable for use as eyedrops (Figure 7).

The PF-NLCs-N6 showed no signs of destabilisation after 60 days at 25 ◦C as was
shown by the backscattering profile having variations of less than 10%, indicating that the
formulation was stable; contrarily variations greater than 10% would have signified an
unstable formulation. Additionally, no signals of creaming, sedimentation, flocculation
or coalescence were found. This system allows the predicting of the instability processes
of NPs sooner than with other techniques [37]. These results are in line with previous
studies with PF-NLCs with Precirol® ATO 5 as solid lipid [8,18]. The high physicochemical
stability of the formulation was also confirmed by no changes in the physical and chemical
parameters Z-ave PI, ZP and EE, and the stability is also supported by negligible changes
in the drug content (EE). Based on these results, we concluded that the nanoparticles are
stable for at least 90 days at the different storage conditions studied since no apparent
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agglomeration occurred. In addition to this, the drug seems to have high compatibility
with the formulation’s components.

An ex vivo permeation assay was carried out using the selected formulation, ex
vivo permeation studies provide useful information to predict in vivo behaviour of the
formulation [38,39]. It is known that the permeation of NSAIDs through the cornea is
higher than through the scleral tissue and other ocular structures [23,40]. We observed the
same trend for the flux and permeation coefficient in the permeation tests. The flux is the
diffusion rate of pranoprofen into the eye and as, already mentioned, these differences may
have their origin in different anatomical structures. This is the opposite of other studies
that suggest that despite the fact that both tissues have a similar thickness (900µm), the
sclera is ten times more permeable than the cornea [41]. The same pattern was observed for
the permeability coefficient, the greatest value of Kp was found in the cornea. In addition,
the Tl in corneal tissue is lower compared to the buccal mucous (minutes versus several
hours). Taking into account that the Tl is representative of the time required for the drug to
reach a steady state, the results suggest that PF-NLCs-N6 is rapidly absorbed in the cornea
with a high diffusion. This is a desirable situation in anti-inflammatory drugs, which are
aimed at achieving rapid action. Moreover, Tween® 80 as a surfactant could expand the
cornea membrane by potentially increasing its permeability, which could be key in the drug
delivery of PF into the eye and even to the posterior segment of the eye [39]. The higher
amount of PF retained in the cornea than the sclera (about 2.5-fold) favours a deposit of
PF that could act over a longer time. Other researchers also investigated the amount of PF
retained in ophthalmic tissues from nanostructured formulations and observed a lower
amount of drug retained in the membranes. A similar study with human skin and PF-NLC
with Precirol® ATO 5 as solid lipid showed a Qr of about 24.29 µg/cm2/g [18]. Other
studies carried out with nanoparticles loading an NSAID drug with similar results in the
physicochemical characterization also resulted in lower drug retention [2,23]. However, in
both cases, the nanoparticles consisted of poly D, L-lactic-co-glycolic acid (PLGA), which
suggests that the formulation strongly impacts the permeation capacity of PF through the
ophthalmic tissues.

Among the studied tissues, sublingual mucosa exhibited the highest amount of PF
retained in the membrane, and the vaginal mucosa the lowest. Finally, the nasal and buccal
mucosae showed intermediate values. The high amount of PF deposited in the sublingual
mucosa suggests the PF-NLCs-N6 as a promising vehicle for the local delivery of PF in the
sublingual mucosa.

From all the mucosae studied, the predicted plasma levels that were obtained at the
steady state would be below the therapeutic concentration in plasma, considering when
PF-NLCs-N6 is applied on 1 cm2 of tissue, meaning that no systemic effect would be
observed and hence confirming the safety of formulation topically applied, while having a
local analgesic and anti-inflammatory effect.

By observing negative changes that take place in the chorioallantoic membrane of the
egg after being exposed to test substances, it is possible to identify compounds that may
cause irritation (Figure 10). PF-NLCs-N6 is classified as a non-irritating drug at the ocular
level, as shown in investigation. These findings are consistent with information obtained
by other authors who also developed nanoparticles for ocular administration [42].

These results, which are in accordance with our earlier research, offer enormous
opportunities for the local treatment of numerous inflammatory illnesses in humans or pigs,
while pranoprofen side effects will be reduced. Despite this, additional research is needed
to develop a pharmaceutical dosage form that makes its administration more convenient
and effective.

4. Materials and Methods
4.1. Materials

Pranoprofen (2-(5H-chromeno[2,3-b]pyridin-7-yl)propanoic acid) (CAS 52549-17-4)
was gratefully provided by Alcon Cusi (Barcelona, Spain). Tween® 80 (Polyethylene glycol
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sorbitan monooleate) and Castor oil (Ricinus communis L.) (CAS 8001-79-4) were acquired
from Sigma-Aldrich Química (Barcelona, Spain). Lanette® 18 (stearyl alcohol) was acquired
from Cognis (Dusseldorf, Germany). LAS (PEG-8 Caprylic/Capric Glycerides), Precifac®

ATO (cetyl palmitate), Compritol® ATO 888 (glyceryl behenate), Precirol® ATO 5 (glycerol
mono, di and tripalmitostearate), Geleol® (Glyceryl Monostearate) and Gelucire® 44/14
(Polyoxylglycerides) were supplied by Gattefosse (Saint-Priest, France). Rose mosqueta oil,
Plantacare oil, Jojoba oil and Miglyol® 812 were provided by Roig Farma-Fagron (Tarrasa,
Spain), isopropyl myristate was supplied by Merck (Darmstadt, Germany), and stearic acid
(a saturated fatty acid (of C18) was provided by Croda Industrial Specialities (Nettetal,
Germany). MilliQ water (resistivity > 18 MOhm.cm) was obtained by a MilliQ® Plus
System lab supplied. Phosphate buffer saline (PBS) pH 7.4 (tablets) was purchased from
Sigma (Germany) and prepared as indicated by the manufacturer. All the other reagents
and chemicals used in this research were of analytical grade.

4.2. Lipid Screening

Based on a list of suitable lipids (solid and liquid), the solubility of PF in different solid
lipids (SL) and liquid lipids (LL) was performed to determine the components of the lipid
phase before producing the NLCs containing PF.

4.3. Development of NLCs

A high-pressure homogenization technique was used to produce the NLCs, as de-
scribed beforehand [18]. The lipid phase, which was 5% w/w of the total amount of
formulation, consisted of Castor oil, the liquid lipid (LL) and Lanette® 18 (75:25), the solid
lipid (SL). The lipid phase in conjunction with PF was melted at 85 ◦C in a water bath
resulting in a homogeneous lipid solution. An aqueous solution of Tween® 80 as surfactant
was heated in parallel at the same temperature and then added to the lipid phase, obtaining
a primary emulsion by an Ultra-Turrax T25 (IKA, Staufen, Germany) at 8000 rpm for 45 s.
Next, the emulsion was homogenized by a high-pressure homogenizer (Homogeniser FPG
12800, Stansted, UK) at 800 bar and 85 ◦C in three homogenization cycles. The NLCs were
formed once the lipid recrystallized during the cool-down to room temperature. The NLCs
were characterized for Z-Ave, PI, ZP and %EE, as described before [8].

4.4. Design of Experiments

A design of experiments (DoE) was performed to optimize formulation parameters.
A central composite factorial design 23 (containing 2 replicated centre points, 8 facto-
rial points and 6 axial points) was developed using the statistical program Statgraphics
Centurion XVI.II® v. 16.2.04 (Warrenton, VA, USA).

In this section, we present some statistical techniques to reveal and visualize the
relationship between the aforementioned trials with the independent variables (cLS/L),
(cPF), (cTW) and the dependent variables (ZP (mv), Z-Ave (nm), Pl and EE (%)). The
selected techniques for this analysis are principal component analysis (PCA), MANOVA,
boxplots and four-dimensional plots performed with R, statistical software, version (4.0.0).

Considering the fact that trials are measured by different experimental units, the first
two techniques are applied based on standardized input data (by subtracting the mean and
dividing by the standard deviation) so that variables are treated equally, and the outcomes
are not influenced by the units of measurement.

4.5. Physicochemical Characterization
4.5.1. Particle Size and Zeta Potential

Photon correlation spectroscopy (PCS) technique by a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) [8,18], was used to determine the Z-Ave and PI of PF-NLCs.
Samples were diluted (1:20 v/v) with Milli-Q water and measurements were carried out
in triplicate at 25 ◦C in disposable quartz cells. In addition, the ZP was determined by
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electrophoresis laser-Doppler using the same instrument, with prior dilution in Milli-Q
water (1:10 v/v) [19].

Furthermore, the particle size of PF-NLCs-N6 was measured by Laser Diffraction (LD)
using a Mastersizer Hydro 2000 (Malvern Instrument Ltd., Malvern, UK) to evaluate the
presence of large particles [18,34]. The volume distribution method served to determine
the diameter values by Mie analysis including d (0.1), d (0.5), and d (0.9). The diameter
values indicate the percentage of particles showing a diameter equal to or lower than the
given value. Prior to all the measurements, the samples were dispersed in Milli-Q water
using an Elma Transsonic Digital S T490 DH ultrasonic bath (Elma, Singen, Germany).

4.5.2. Entrapment Efficiency

The encapsulation efficiency (EE) of PF was measured indirectly by quantification of
the unloaded amount of PF in the dispersing agent by a reverse-phase high-performance
liquid chromatography (RP-HPLC) [43]. Nanoparticles were isolated using a filtration/
centrifugation procedure with Ultracel YM-100 filter (Amicon® Millipore Corporation,
Bedford, MA, USA) at 6000 rpm for 30 min (Sigma 301K 8 centrifuge, Osterode am Harz,
Germany), with prior dilution in PBS pH 7.4 (1:20). Validation of the methodology was
performed beforehand in accordance with international guidelines (EMEA, 2011) [8,44].
The EE was determined by Equation (1):

EE(%) =
Total amount o f PF − Free PF

Total amount o f PF
× 100 , (1)

Samples were analysed in a Waters 1525 pump System (Waters, Milford, CT, USA)
with a UV-Vis 2487 detector (Waters, Milford, CT, USA) at the wavelength λ = 235 nm
using a Kromasil® column (C-18, 150 × 4.6 mm, 5 µm) and methanol/glacial acetic acid 5%
(70:30; v:v) as the mobile phase at the flow rate of 1 mL/min.

4.5.3. Morphological Characterization

Scanning Electron Microscopy (SEM) was used to examine the morphology of the
selected formulation. Samples were centrifuged at 14,000 rpm at 4 ◦C for 30 min. The
supernatant content was discarded and the precipitate (corresponding to the PF-NLCs)
was collected very carefully, and dried under vacuum for 8 days [45–48] using a vacuum
desiccator. The samples were adhered to a metal tube which contained an adhesive tape
where part of the dry sample was placed, and finally it was covered with carbon to generate
conductivity. Images were collected using a JEOL J-7100F (Peabody, MA, USA). The SEM
image was processed by Image J (1.53 t) to measure the particle size taking 22 measurements.

4.6. Rheological Behavior

The rheological characterization of the formulations was performed in triplicate at
25 ◦C using a Thermo Scientific Haake RheoStress 1 rheometer (Thermo Fisher Scientific,
Karlsruhe, Germany) with a cone rotor geometry C60/2-Ti (60 mm diameter, 2◦ angle,
0.105 mm gap between cone-plate), coupled to a thermostatic circulator (Thermo Haake
Phoenix II + Haake C25P) and operated by the software the Haake Rheowin® Job Manager
v 3.3 software (Thermo Electron Corporation, Karlsruhe, Germany). Haake Rheowin® Data
manager v. 3.3 software (Thermo Electron Corporation, Karlsruhe, Germany) was used to
perform the data analyses. The viscosity and flow curves were obtained under rotational
runs at 25 ◦C for 3 min during the ramp-up period from 0 s−1 to 50 s−1, a subsequent 1-min
period at 50 s−1 (constant share rate period), and followed by a ramp-down period of 3 min
from 50 s−1 to 0 s−1. The viscosity was determined at 50 s−1 after 3 days of production.
The data was fitted to different mathematical models: Newton, Casson, Ostwald, Bingham
Herschel-Bulkley and Cross [29].
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4.7. Extensibility (Spreadability)

The extensibility or spreadability was determined at room temperature by placing a
weight of 0.05 g of the formulation selected inside a 10 cm diameter cavity, a glass plate
was positioned on top of it and pieces of increasing standard weight (5, 10, 15, 25, and 50 g)
were added successively and allowed to stand on top of the glass plate for 1 min forcing
the formulation to spread. The expansion in diameter was recorded as a function of the
weight applied. The experiment was carried out in triplicate and fitted to a mathematical
model using Graph Pad Prism® software version 6.0 (GraphPad Software Inc., San Diego,
CA, USA) [49].

4.8. Ex Vivo Permeation Study in Porcine Mucosal Tissues

To evaluate the capacity of PF to penetrate and diffuse through the mucous membranes
and ophthalmic tissues, ex vivo permeation tests were conducted using different mucosal
membranes from female pigs (cross Landrace × Large White, 25–30 kg), under the approval
of the Ethics Committee of Animals Experimentation of the University of Barcelona. The
tissues included in the study were: buccal, sublingual, nasal, vaginal mucosa, and two
ophthalmic structures (sclera and cornea). The tissues were frozen to −20 ◦C after excision.
Buccal and nasal mucosae were dermatomed (dermatome GA 630 Aesculap, Tuttlingen,
Germany), at 500 µm thick slabs, the sublingual mucosa at 300 µm, and vaginal mucosa at
400 µm.

The tissues were clamped in vertical Franz cells (FDC 400, Crown Glass, Somerville,
NY, USA) with a surface available diffusion area of 0.64 cm2 and 4.5 mL of capacity. The
receptor medium was PBS pH 7.4, which was continuously in contact with the inner part
of the tissue while the external side faced the donor compartment, where 500 µL of PF-
NLCs-N6 was added and sealed with Parafilm® to prevent evaporation. Six replicates for
each tissue were included in the study. The receptor fluid was kept at 37 ± 0.5 ◦C under
continuous magnetic stirring, except for cornea cells which were kept at 32 ± 0.5 ◦C. The
experiments lasted 6 h during which 300 µL of the receptor compartment were collected
at selected times. The same volume was replaced with fresh receptor medium after each
sample collection to keep constant the volume of the receptor compartment. Samples were
analysed by HPLC [8,18].

The quantification of PF retained inside the membranes and recovery required an
extraction before analysis. Regarding the amount of PF retained in the tissues, we proceeded
as follows: the mucous membranes and ophthalmic tissues were disassembled from the
Franz cell, cleaned with a 0.05% dodecyl sulphate solution, rinsed with distilled water and
weighed accurately. The tissues were pierced several times using a small needle, minced
carefully, and weighed accurately. The PF was extracted with PBS pH 7.4 under sonication
for 30 min in an ultrasonic water bath. The samples from drug extraction were analysed by
HPLC, rendering the amount of PF extracted from the skin. The recovery was performed
by incubating weighed tissues in a known concentration of PF solution in PBS pH 7.4 (Co).
The incubation took place at the same temperature and with the same duration as the ex
vivo experiments. After the incubation, the solution was collected, and the tissues were
gently blotted and weighed again. Afterwards, the drug that had penetrated the skin was
extracted by PBS as described for the retained amount. After the sonication process, the
resulting solution was collected (Ex) [50]. All samples were analysed by HPLC.

We calculated the permeation parameters resulting from the permeation assays: the
flux values per unit area (Jss in mg/h cm2), the permeability coefficients (Kp in cm/h) and
the lag times (Tl) were calculated at the steady state by linear regression analysis using the
Graph Pad Prism® software version 6.0 (GraphPad Software Inc., San Diego, CA, USA).
Stationary flux values across membranes were obtained by applying Equation (2):

Jss =
Qt

A × t
, (2)

165



Pharmaceuticals 2022, 15, 1185

where Qt is the amount of PF which diffuses to the receptor medium (µg), A is the active
diffusional area (cm2), and t is the time (h) of exposure per unit area. Deriving our results
from the foregoing, we determined the permeability coefficient Kp, (cm/h) based on
Equation (3):

Kp =
Jss

Co
, (3)

where Jss is the flux at the steady state normalized by unit area, and Co is the initial drug
concentration of the formulation tested and applied to the donor compartment. Partition
(P1) and diffusion (P2) parameters were computed from Equations (4) and (5):

Tl =
1
6
× P2 , (4)

where Tl is the lag time and P2 the diffusion coefficient.

Kp = P1 × P2 , (5)

To predict if systemic levels of PF would be achieved after the topical application of
PF-NLC-N6 to a specific surface area, we calculated the predicted plasma concentration at
the steady state (Css) using the Equation (6):

Css =
Jss × A

Clp
, (6)

where Css is the concentration in plasma at the steady-state, Jss is the flux computed in
this study, A is the hypothetical application area of 1 cm2, and Clp is the plasma clear-
ance obtained from the literature; we considered two populations, the young subjects
(Clp = 1146.60 cm3/h) and the elderly subjects (Clp = 609.00 cm3/h) [1,51].

Equation (7) was used to calculate the amount of PF retained in the tissue (Qr, µg/g/cm2):

Qr =
Ex
Px
A

× 100
R

, (7)

where Ex (µg) is the amount of PF extracted from the tissue, Px (g) is the weight of the
tissues exposed to the permeation, A (cm2) is the active area for diffusion and R is the
recovery of the PF from the tissue, expressed as a percentage.

4.9. Stability Studies

Short-term physical stability was assessed after 1, 30, and 60 days analysing light
backscattering (BS) profiles by using the Turbiscan®Lab (Formulaction Co., L’Union,
France). For this purpose, a cylindrical glass measurement cell was filled with 20 mL
of PF-NLCs-N6 stored at 25 ◦C for two months. The radiation source was a pulse near
infrared light (λ = 880 nm) and it was received by backscattering detectors at an angle of
45◦ from the incident beam due to the opacity of the formulation.

Additionally, morphometric parameters (Z-Ave, PI and ZP) and EE were also mea-
sured at 25 ◦C and 4 ◦C, monitored for 24 h and after 7, 14, 30, 60 and 90 days to evaluate
any potential changes.

4.10. In Vitro Ocular Tolerance Study: Hen’s Egg Test on the Chorioallantoic
Membrane (HET-CAM)

In vitro ocular tolerance was assessed using the HET-CAM test to ensure that the
formulation of PF-NLC-N6 was non-irritating when administered as eye drops. 300 µL
of the formulation studied was applied on the chorioallantoic membrane of a fertilized
chicken egg and monitored for 5 min after the application of the formulation. The following
phenomena were considered: irritation, coagulation, and haemorrhaging.
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The development of the test was carried out using 3 eggs for each group (formula
PF-NLCs-N6, negative control (0.9% NaCl), positive control (NaOH 0.1 N)). The ocular
irritation index (OII) was calculated by the sum of the scores of each injury or discomfort
according to the following expression (Equation (8)):

OII =
(301 − H)× 5

300
+

(301 − V)× 7
300

+
(301 − C)× 9

300
, (8)

where H, V and C are times (in seconds) until the start of haemorrhaging (H), vasoconstric-
tion (V) and coagulation (C), respectively. The formulations were classified according to the
following scores: OII ≤ 0.9 non-irritating; 0.9 < OII ≤ 4.9 weakly irritating; 4.9 < OII ≤ 8.9
moderately irritating; 8.9 < OII ≤ 21 irritating [52,53].

5. Conclusions

A nanostructured lipid carrier has been developed by means of QbD, which allowed
the influence of the components in the formulation to be understood. It was seen that the
factorial design played a key role in optimizing the formulation. Finally, the optimized
nanoparticles were tested on ex vivo porcine mucosal tissues (buccal, sublingual nasal,
vaginal, cornea and sclera) to evaluate their capacity to diffuse the tissues and, in turn,
their potential to treat different inflammatory conditions in mucosal tissues with a topical
approach. High permeation and high retention were observed in all the tissues tested. In
particular, the highest permeation was found on the cornea; and PF was mostly retained in
the sublingual mucosa. The optimized nanoparticles exhibit suitable characteristics for the
topical delivery on the tested mucosae, and they were shown to be safe for the ocular route
since no irritant effects were observed in the HET-CAM test. Furthermore, the predicted
concentration at the steady-state was below the therapeutic concentration of PF in plasma,
and this may result in a local anti-inflammatory and analgesic effect on damaged mucosae.
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Abstract: Chagas disease, caused by the Trypanosoma cruzi parasitic protozoan, is a neglected tropical
disease (NTD) of significant incidence in Latin America. Transmission to humans and other mammals
is mainly via the vector insect from the Reduviidae family, popularly known as the kissing bug.
There are other transmission means, such as through congenital transmission, blood transfusions,
organ transplantations, and the consumption of contaminated food. For more than 50 years, the
disease has been treated with benznidazole and nifurtimox, which are only effective during the acute
phase of the disease. In addition to their low efficacy in the chronic phase, they cause many adverse
effects and are somewhat selective. The use of nanocarriers has received significant attention due to
their ability to encapsulate and release therapeutic agents in a controlled manner. Generally, their
diameter ranges from 100 to 300 nanometers. The objective of this scoping review was to perform
a search of the literature for the use of nanocarriers as an alternative for improving the treatment
of Chagas disease and to suggest future research. Bibliographic searches were carried out in the
Web of Science and PubMed scientific databases from January 2012 to May 2023, using the “Chagas
disease and Trypanosoma cruzi and nanoparticles” keywords, seeking to gather the largest number of
articles, which were evaluated using the inclusion and exclusion criteria. After analyzing the papers,
the results showed that nanocarriers offer physiological stability and safety for the transport and
controlled release of drugs. They can increase solubility and selectivity against the parasite. The
in vitro assays showed that the trypanocidal activity of the drug was not impaired after encapsulation.
In the in vivo assays, parasitemia reduction and high survival and cure rates in animals were obtained
during both phases of the disease using lower doses when compared to the standard treatment. The
scoping review showed that nanocarriers are a promising alternative for the treatment of Chagas
disease.

Keywords: nanocarriers; Chagas disease; Trypanosoma cruzi; in vivo assays

1. Introduction

Chagas disease, or American trypanosomiasis, was discovered by the Brazilian Carlos
Chagas in 1909 [1]. It is an infection caused by the Trypanosoma cruzi parasitic protozoan.
The World Health Organization (WHO) estimates that there are from 6 to 8 million people
infected with the parasite in the world, with a higher incidence in endemic areas of South
American countries [2,3]. Approximately 10,000 people die every year because of the
disease [4,5]. It is considered a neglected tropical disease (NTD) due to the pharmaceutical
companies lacking interest in investing in the search for new treatments and increasing
professional specialization for faster and more efficient diagnoses. Despite that, the disease
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is no longer exclusive to developing countries [1]. Due to the increase in immigration to
other countries, many cases are diagnosed in European countries, Canada, Australia, Japan,
and the United States [2,4,6].

The main transmission means is vectorial by blood-sucking insects of the Reduviidae
family, popularly known as the kissing bug [7]. When the insect bites, it defecates in the
region close to the bite, generating itching. This makes the person scratch the area, taking
feces and urine containing the infective form of T. cruzi inside the wound [4,6]. Other
transmission means are already known, through blood transfusions in banks that do not
carry out screening, organ transplants, congenital transmission, and oral transmission by
the consumption of food or beverages contaminated with the infected vector [1,6].

Trypanosoma cruzi presents in three different forms in its development cycle and needs
two different types of hosts: invertebrate ones (hematophagous insects) and vertebrate
ones (mammals) [6,8]. The epimastigote form is found in the vector, replicative but non-
infectious. The circulating trypomastigote form is found in the hosts; it is infectious and
not replicative. The intracellular amastigote form is only replicative and is present in
vertebrate hosts [9]. When the vector bites a contaminated host, it ingests blood in the
metacyclic trypomastigote form, which in the invertebrate organism will differentiate into
epimastigotes that multiply by binary fission [6,9]. Subsequently, these epimastigote forms
are differentiated into trypomastigotes that will be released in triatomine excretions. Upon
entering the wound of the human host, the trypomastigote form penetrates the cells and
transforms into amastigotes, which will multiply and differentiate into trypomastigotes
through several binary division cycles until causing the cell to break, which releases
amastigotes and trypomastigotes, infecting neighboring cells and spreading [9]. The
infective forms of the parasite can penetrate any type of nucleated cell, including defense
cells such as macrophages [1,4]. They present tropism via myocytes, which explains their
presence in cardiac muscle cells causing heart dysfunction [1].

Chagas disease is divided into two clinical phases: acute and chronic. The acute phase
can manifest early in time or progress to being undetermined, silent, and asymptomatic.
In the early acute stage, the disease can disappear spontaneously without causing com-
plications in most infected individuals due to adaptive immunity control or present with
nonspecific symptoms [1,2]. It can be characterized by the onset of inflammation in the
parasite entry region and present with more ease of parasitemia detection [2,6]. In the unde-
termined silent and asymptomatic phase, the parasites hide in different tissues, hindering
diagnosis [2]. When progressing to the chronic phase of the disease, the patient has a 30%
to 40% chance, after years or decades, of developing megaesophagus, megacolon, and
chronic chagasic cardiomyopathy, which is the most severe form of the disease and, without
treatment that can revert the clinical picture, possibly presenting with thromboembolism,
cardiac arrhythmias, and cardiac arrest [1,2,6,8].

Since the 1960s, the only treatments known for Chagas disease have been two nitro-
heterocyclic compounds: nifurtimox and benznidazole (Figure 1) [3,9]. Despite a therapeu-
tic efficacy of up to 80% presented during treatment in the acute phase, the drugs have low
efficacy in the chronic phase [1,3]. In addition, they have high toxicity, low solubility in
aqueous media, difficulty crossing biological barriers, low selectivity, and serious adverse
effects, leading many patients to abandon drug treatment [3,8,9]. Such high toxicity can be
related to the high doses required for the drugs to achieve the effective concentration to
cause intracellular death [1].

The treatment with nifurtimox causes stronger adverse effects than using benznidazole,
even when administered in low doses. The most frequent adverse effects are gastrointestinal
symptoms, anorexia, sleepiness, and paresthesia [9].

Benznidazole is the first-choice drug for treating the infection, despite the low cure
rate in the chronic phase of the disease [3]. Its main adverse effects are peripheral neu-
ropathy, cutaneous manifestations, paresthesia, anorexia, gastrointestinal symptoms, and
more severe ones such as decrease in bone marrow and agranulocytosis [9,10]. Other
factors can influence the outcome of the treatment with benznidazole, such as the different
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parasite strains, emergence of drug-resistant strains, the patient’s age, the progression of
the disease, the long period required for the treatment, and the lack of appropriate infant
formulations [6,9,10].
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The WHO has determined that the ideal drug for treatment should present a para-
sitological cure and show dose efficacy during the acute and chronic phases, not present
adverse effects, or cause resistance, or induce teratogenic effects. The problem is that no
currently known drug manages to cover all these needs [9].

Due to the limitations presented by the only treatments currently known to combat
the Chagas disease infection, it has become necessary to search for and learn about new
therapeutic options that can improve the desired parameters.

In recent years, nanotechnology has been a promising option for studies aimed at
finding ways to improve the treatments of various diseases. It is a type of technology
that uses nanoscience practically with multiple functions performed by structures at a
nanometric scale, from 1 to 100 nm [11,12]. Nanoparticles can improve bioavailability,
promote sustained release, and decrease toxicity. Nanoparticles can stimulate immune
system cells, such as macrophages, promoting the elimination of intracellular parasites [13].
Nanoparticles can bind to receptors located on the surface of cells, resulting in cellular
uptake [14].

Drugs and nanocarriers can cross the cell membrane by endocytosis or direct per-
meation. In direct permeation, molecules and particles cross the cell membrane by a
mechanism controlled by diffusion or pore formation. However, nanocarriers with polar
surfaces and hydrophilic drugs do not cross the plasma membrane easily with a lipophilic
nature. To cross the cell membrane, hydrophilic drugs and nanocarriers of polar nature
need active transport that involves energy expenditure, such as endocytosis, in which
the cell captures extracellular materials through invaginations of the membrane to form
endosomes. There are two forms of endocytosis: phagocytosis and macropinocytosis. In
phagocytosis, nanomaterials are captured by activated phagocytes through the process
of opsonization, in which opsonins, such as immunoglobulins and complement system
proteins, coat the target particle. In macropinocytosis, the cell captures liquids and solids
(nanoparticles and nanocarriers) with the formation of vesicles called pinosomes. Endo-
cytosis can occur by clathrin-mediated endocytosis, caveolin-mediated endocytosis, and
clathrin–caveolin independent endocytosis. Thus, the cellular internalization of nanocarri-
ers depends not only on physicochemical properties, such as the size, shape, surface charge
and polarity, but also on the presence of ligands on the surface [15].

Nanoparticles can be classified into polymeric, lipid, metallic, and mesoporous silica
(Figure 2) [13]. Lipid nanoparticles are divided into two types: solid lipid nanoparticles
(SLNs), and nanostructured lipid carriers (NLCs). Due to the presence of lipids, SLNs are
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biocompatible and biodegradable and present high bioavailability. They are composed of
the same mixture of liquid and solid lipids. Their rigidity confers better protection to the
incorporated drug. They are fairly stable, produced on a large scale, and can encapsulate
drugs to provide controlled release [6,13,14]. NLCs are like SLNs but can incorporate
various types of drugs and liquid lipids in their internal parts [14].
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Polymeric nanoparticles are solid colloidal particles generally composed of biodegrad-
able and biocompatible polymers approved by the US regulating agency, the Food and
Drug Administration (FDA). They can be dissolved, encapsulated, or absorbed in the
constituent polymeric matrix in systems for the release of therapeutic agents and be used as
adjuvants in vaccines. They can be produced using countless types of natural or synthetic
polymers, such as poly (lactic co-glycolic acid) (PLGA); polylactic acid (PLA); polyglycolide
acid (PGA); polycaprolactone (PCL); chitosan; and polyethylene glycol (PEG) [6,13].

Mesoporous silica nanoparticles are potent drug releasers formed by a complex orga-
nized network of pores with homogeneous sizes and can assist in the functionalization of
drugs. The metallic nanoparticles are formed by clusters of metal atoms [6,13].

In addition to nanoparticles, other nanocarriers are also widely used for the controlled
release of drugs, such as liposomes and polymeric micelles. Liposomes are vesicular
systems composed of one or more lipid bilayers of a spherical format with sizes ranging
from 50 to 500 nm. They are employed extensively due to their ability to encapsulate
drugs, thanks to their hydrophobic and hydrophilic characteristics, high bioavailability,
and biocompatibility [16].

Polymeric micelles are amphiphilic polymer structures that have a hydrophobic part
and a hydrophilic component. They can have different formats and are prepared in various
ways. Among their advantages as drug vehicles, they have a nanoscale size, selective
targeting, storage stability, and reduction in adverse effects [17].

Also, cage-like proteins such as Ferritin can be used as drug carriers [18]. Ferritins
can be particularly important in delivering drugs to cure leishmaniasis since ferritins are
phagocytized by the macrophages where the parasites live and multiply [19].

The objective of this scoping review is to identify and analyze knowledge gaps and
examine how research is conducted in relation to the use of nanocarriers containing try-
panocidal drugs to treat Chagas disease, highlighting articles with in vivo studies. This
scoping review differs from the others because it will search scientific databases for articles
focusing on in vivo studies containing robust in vitro studies published in the last ten years,
using nanocarriers as an alternative for the treatment of infection caused by the Trypanosoma
cruzi parasite.
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2. Results
2.1. Bibliographic Research of Articles in the Databases

The number of articles found during the research in the databases chosen to prepare
this paper is presented in Table 1.

Table 1. Keyword research and number of articles found.

Keywords PubMed Web of
Science Total

Chagas disease and nanoparticles 69 63 123
Trypanosoma cruzi and nanoparticles 49 71 120

Chagas disease and Trypanosoma cruzi and
nanoparticles 43 44 87

Added to the results of the searches carried out in the PubMed and Web of Science
databases covering the period from January 2012 to May 2023, 123 articles were found
with the “Chagas disease and nanoparticles” keyword, 120 for “Trypanosoma cruzi and
nanoparticles”, and 87 using “Chagas disease and Trypanosoma cruzi and nanoparticles”.
All 87 articles found in the research using the “Chagas Disease and Trypanosoma cruzi and
nanoparticles” keywords were selected to proceed to the following stage.

All 87 articles were analyzed according to the exclusion criteria, removing 23 duplicates
and 17 review articles. No congress abstracts, patents, or book chapters were found. Only
one article was excluded for having been published in a journal with an impact factor below
1.0. The remaining 46 papers had their content assessed by reading, excluding those that
did not deal with the topic of interest. A total of 28 articles were removed; among them:
one article on vaccines, eight articles on new diagnostic techniques for detecting the disease,
nine articles that did not use nanocarriers, two studies on cell migration, three studies that
addressed other diseases such as leishmaniasis and toxoplasmosis, and five studies on
extracellular vesicles (Evs). In the end, 18 articles were selected for review. The process to
select the articles is shown in the flowchart in Figure 3.
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The assessment of the remaining 18 articles is presented in Table 2.

Table 2. Evaluation of the articles selected, according to the binary code 0/1, where 0 = not present
and 1 = present. The value 0 indicates not present and value 1 indicates present. Table adapted from
Cruz [21].

Reference [22] [23] [24] [2] [25] [4] [3] [10] [1] [26] [5] [27] [28] [29] [8] [30] [31] [7]

Title 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1
Abstract 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Introduction

Contextualization 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Objective 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Methods

Ethics statement 0 0 0 0 1 0 0 1 1 1 0 1 1 1 1 1 1 1
Study design 0 0 0 0 1 0 0 1 1 1 0 1 1 1 1 1 1 1

Complete
physicochemical
characterization

0 0 1 1 0 0 0 1 1 0 1 0 0 1 0 0 1 0

Nanometric size 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1
Animals 0 0 0 0 1 0 0 1 1 1 0 1 1 1 1 1 1 1

Sample size 0 0 0 0 1 0 0 1 1 1 0 1 1 1 1 1 1 1
In vitro study 1 1 1 1 0 1 1 1 1 0 1 1 1 1 0 0 0 1
In vivo study 0 0 0 0 1 0 0 1 1 1 0 1 1 1 1 1 1 1
Trypanocidal

effect 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Statistics 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1

Results and
discussion

Interpretation 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Limitations 1 0 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1
Conclusion 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Score 11 10 12 10 14 12 9 17 17 15 12 16 16 16 14 15 16 16

As shown in Table 2, two articles [1,10] obtained the maximum score, as they presented
all the topics selected for the assessment. The article that obtained the lowest score was [3],
as it only conducted in vitro assays, obtaining a null score in all the topics related to in vivo
assays, in addition to not presenting other issues such as physicochemical characterization
and the nanometric size of the nanocarrier. The articles [2,3,5,22–24] received a zero for the
topics of ethics statement, study design, animals, sample size, and in vivo studies, as they
did not present in vivo studies, only in vitro ones.

The articles that presented in vivo tests were [1,7,8,10,25,27–31].
All the articles were scored for presenting full abstracts, contextualization, and objectives

in their introduction and interpretation of the results with a conclusion [1–5,7,8,10,22–31].
The article of Abriata [29] had the topic of the title scored as zero, as it did not specify

the content of in vitro assays, even if present in the paper. Nhavene [3] was the only
article that did not report the nanometric scale size of the nanoparticle. In the article
of Branquinho [31], the complete physicochemical characterization had been previously
performed by Branquinho [32]. Some articles did not present the characterization of the
morphology [4,7,8,22,26–28,30] and the polydispersity index [3,22,23,25] of the nanoparti-
cles; therefore, they obtained a zero in physicochemical characterization.

Only the article [2] did not present an efficient trypanocidal effect in the tests with the
nanoparticles and, along with articles [8,23], obtained zero points on the topic of limitations.
The only article that did not present any statistics was [3].

2.2. Nanocarriers

The composition and characterization of the structures of the nanocarriers used are
shown in Table 3.
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Most of the research used polymeric nanoparticles as drug nanocarriers [4,7,8,24,25,29–31],
followed by polymeric micelles [26–28], and by solid lipid nanoparticles [2,10]. In addition
to solid lipid nanoparticles (SLN), the article by Vinuesa [2] evaluated nanostructured lipid
carriers (NLCs) and liposomes in the tests. Of the selected articles, only one employed silver
nanoparticles [5], and another resorted to mesoporous silica nanoparticles [3]. One of the
articles applied the organic nanoparticle system called MOF (Metal–Organic Framework),
composed of hybrid polymers [23]. The article by Tessarolo [22] presented an inorganic CaCO3
particle containing encapsulated BZN. Li [1] worked with vesicular nanocarriers known as
polymerosomes. The types of nanostructures used in the papers are represented in Figure 4.
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2.3. Components

To produce polymeric nanoparticles, among the components used in the studies
there are PLGA [25], different types of polyethylene glycol (PEG) [7,8,30,31], PCL [29–31],
and poloxamer [7,29–31]. In the papers that produced lipid nanoparticles or lipid carriers,
among the components used are poloxamer 188, polysorbate 80, sodium taurodeoxycholate,
Precirol®, and Miglyol® [2,10]. For the silver nanoparticles, silver nitrate and Iresine herbstii
leaves were used to extract the natural active substance [5]. Chitosan was used in the
paper that employed the chitosan polymeric nanoparticle [4] and in the one that produced
the mesoporous silica nanoparticle [3]. To produce the hybrid polymer nanoparticles,
metal–organic frameworks (MOFs) were used [23]. Poloxamer 188 (Lutrol F-68) was also
used as a stabilizer in the synthesis of polymeric micelles [26–28]. PEG thioacetate and
mesylate were used in the production of the polymersome [1].

Metal–organic frameworks (MOFs) are hybrid polymers belonging to a new class of
nanocarriers of drugs. They can be produced at a nanoscale and their use presents benefits
such as a greater surface area at the nanoscale, porosity, and crystallization, which improves
the interaction potential with other molecules [23].

The use of chitosan in the articles [3,4] is explained by its biodegradability, biocompat-
ibility, structural stability, low toxicity, and cationic nature, which result in good interaction
with cell membranes and increased endocytosis. It was quite often used in drug carriers for
biomedical systems in the articles [4,33].

PCL was used for the formation of polymeric nanoparticles and is a synthetic polymer
used as a carrier for controlled drug release [29–31]. It is widely applied because it is
designed to have good biocompatibility and biodegradability [29].

2.4. Anti-T. cruzi Drugs

The drug used by most of the studies was benznidazole [1–3,22,25–28], which is the
first-choice medication for the treatment of Chagas disease. One other drug frequently
studied was a natural product, lychnopholide (LYC), a sesquiterpene lactone extracted from
Lychnophora trichocarpha with anti-T. cruzi activity previously reported by De Oliveira [34].
It was employed in the papers [7,8,30,31]. In addition to LIC, other natural active molecules
were also used, such as corn cob xylan, a bioactive polysaccharide extracted from the Iresine
herbstii leaves [5]; curcumin, a polyphenolic flavonoid with anti-inflammatory, antioxidant,
and immunomodulatory properties [25], which was combined with benznidazole in the
study by Hernández [25]; and ursolic acid, a natural pentacyclic triterpene that has already
shown efficacy in the treatment against Trypanosoma cruzi infection in vivo [29].

In addition to these compounds, ergosterol peroxide was also used, which, accord-
ing to data previously obtained, has trypanocidal activity in vitro [23] and sodium di-
ethyldithiocarbamate, which has already shown activity against T. cruzi in studies, by
chelating metals and stimulating reactive oxygen species (ROS), causing damage to the
parasites [24]. In addition, 5-hydroxy-3-methyl-5-phenyl-pyrazoline-1-(S-benzyl dithio-
carbonate) (H2bdtc) was used, a cyclic compound derived from S-dithiocarbonate and
1,3-diketones, with significant trypanocidal activity [10] and mercaptosuccinic acid with
nitrosation to release nitric oxide (NO), which may be able to kill the parasite and control
disease progression [4]. Figure 5 presents a scheme of anti-T. cruzi drugs encapsulated in
nanocarriers.

2.5. Preparation Method

Most of the studies used the interfacial polymer deposition method after solvent
displacement. It is a conventional method for preparing nanoparticles and is also called
solvent diffusion or nanoprecipitation [7,8,24,26–31]. The articles [8,26,31] reported that
the method had been previously described by Scalise et al. [28], Branquinho et al. [35], and
Branquinho et al. [32]. The emulsification method was employed in the papers [22,25].
Vinuesa et al. [2] used the hot homogenization technique to produce NLCs, emulsification
for SLNs, and the fluid compression technique, called DELOS-SUSP, for liposomes.

182



Pharmaceuticals 2023, 16, 1163

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 15 of 41 
 

 

PCL was used for the formation of polymeric nanoparticles and is a synthetic pol-
ymer used as a carrier for controlled drug release [29–31]. It is widely applied because it 
is designed to have good biocompatibility and biodegradability [29]. 

2.4. Anti-T. cruzi Drugs 
The drug used by most of the studies was benznidazole [1–3,22,25–28], which is the 

first-choice medication for the treatment of Chagas disease. One other drug frequently 
studied was a natural product, lychnopholide (LYC), a sesquiterpene lactone extracted 
from Lychnophora trichocarpha with anti-T. cruzi activity previously reported by De 
Oliveira [34]. It was employed in the papers [7,8,30,31]. In addition to LIC, other natural 
active molecules were also used, such as corn cob xylan, a bioactive polysaccharide ex-
tracted from the Iresine herbstii leaves [5]; curcumin, a polyphenolic flavonoid with an-
ti-inflammatory, antioxidant, and immunomodulatory properties [25], which was com-
bined with benznidazole in the study by Hernández [25]; and ursolic acid, a natural 
pentacyclic triterpene that has already shown efficacy in the treatment against Trypano-
soma cruzi infection in vivo [29]. 

In addition to these compounds, ergosterol peroxide was also used, which, accord-
ing to data previously obtained, has trypanocidal activity in vitro [23] and sodium di-
ethyldithiocarbamate, which has already shown activity against T. cruzi in studies, by 
chelating metals and stimulating reactive oxygen species (ROS), causing damage to the 
parasites [24]. In addition, 5-hydroxy-3-methyl-5-phenyl-pyrazoline-1-(S-benzyl dithio-
carbonate) (H2bdtc) was used, a cyclic compound derived from S-dithiocarbonate and 
1,3-diketones, with significant trypanocidal activity [10] and mercaptosuccinic acid with 
nitrosation to release nitric oxide (NO), which may be able to kill the parasite and control 
disease progression [4]. Figure 5 presents a scheme of anti-T. cruzi drugs encapsulated in 
nanocarriers. 

 
Figure 5. Anti-T. cruzi drugs encapsulated in nanocarriers. Others: Curcumin, ergosterol peroxide, 
sodium diethyldithiocarbamate, 5-hydroxy-3-methyl-5-phenyl-pyrazoline-1-(S-benzyl dithiocar-
bonate) (H2bdtc), and mercaptosuccinic acid with nitric oxide (NO). 

  

Figure 5. Anti-T. cruzi drugs encapsulated in nanocarriers. Others: Curcumin, ergosterol peroxide,
sodium diethyldithiocarbamate, 5-hydroxy-3-methyl-5-phenyl-pyrazoline-1-(S-benzyl dithiocarbon-
ate) (H2bdtc), and mercaptosuccinic acid with nitric oxide (NO).

For the synthesis of MOF nanoparticles, the article by Morales-Baez [23] used heating
and cooling in crystal formation. For the synthesis of ergosterol peroxide, sensitized pho-
tooxygenation in methanol with eosin was used. Finally, mechanochemistry was employed
for coupling. In other studies, microemulsion [10], ionotropic gelation with agitation
and suspension for chitosan nanoparticles [4], anionic polymerization with precipitation
in methanol and thin film rehydration [1], and green synthesis process with continuous
agitation for the production of silver nanoparticles [5] were used. In the synthesis of
mesoporous silica nanoparticles, the study [3] followed the procedure previously described
by Fan et al. [36] in which a model of positively charged N-cetyltrimethylammonium
bromide (CTAB) and a NaOH catalyst were used through hydrolysis and condensation.
The methods used in the papers are summarized in Figure 6.
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technique, emulsion techniques (O/W), heating and cooling in the formation of crystals, sensitized
photo-oxygenation in methanol with eosin, mechanochemistry, ionotropic gelation, anionic poly-
merization with methanol precipitation and thin film rehydration, green synthesis, condensation
hydrolysis and the fluid compression technique called DELOS-SUSP.
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2.6. Physicochemical Characterization

All the papers reported the nanometric size achieved [1,2,4,5,7,8,10,22–31], except [3].
The techniques used for size characterization were atomic force microscopy (AFM) [5,22,
24,31], dynamic light scattering (DLS) [1,2,4,5,7,8,24,25,27,29–31], scanning electron mi-
croscopy (SEM) [5,23], and photon correlation spectroscopy (PCS) [10,26,28].

For the morphology of the nanocarriers, the papers used transmission electron mi-
croscopy (TEM) [1,3,23], SEM [2,29], and AFM [10,24,25,31] techniques. The other articles
did not present the morphology of the nanocarriers [4,7,8,22,26–28,30].

Zeta potential was obtained by DLS [1–5,27,31], AFM [25], electrophoretic mobil-
ity [10,24,26,28], electrophoretic light scattering (ELS) [29], and laser Doppler anemometry
associated with microelectrophoresis [30]. The articles [7,8,23] did not present the zeta
potential of the nanocarriers. Tessarolo et al. [22] did present the zeta potential value,
although without specifying the technique used.

For the polydispersity index (PDI), most articles used the DLS technique [1,2,4,5,7,8,
24,27,29–31]. The PCS technique was used by Carneiro et al. [10] to determine the PDI. Rial
et al. [26] and Scalise et al. [28] presented the PDI values without specifying the technique
used. The articles [3,22,23,25] did not present the PDI in their studies. Some articles
also showed results of the encapsulation efficiency (EE) characterization [1,2,4,10,24,29]
and loading efficiency [1,24] of the nanostructures using UV-Vis spectrophotometry and
high-efficiency liquid chromatography (HPLC) techniques.

For the quantification of the drug and analysis of coupling with the nanocarrier,
infrared (IR) spectroscopy [22,23] and X-ray diffraction (XRD) [23] were used. Vinuesa
et al. [2] evaluated the cumulative release for SLNs and NLCs and Abriata et al. [29] ob-
tained the thermal behavior by differential scanning calorimetry (DSC). For the surface
characterization of nanocarriers and copolymers, solid-state nuclear magnetic resonance
(SS NMR) was used in the studies [1,3]. Nhavene et al. [3] also characterized the elemental
composition by energy-filtered transmission electron microscopy (EFTEM), the quantifi-
cation of organic molecules by elemental analysis (CHN), and the chemical composition
and binding state of the elements on the surface of the nanoparticles by X-ray photo-
electron spectroscopy (XPS). Other techniques used in the characterization studies were
Fourier transform infrared spectroscopy (FTIR) [5], infrared absorption spectroscopy (FTIR-
ATR) [24], high-performance liquid chromatography with ultraviolet detection (HPLC-
UV) [31], and content (DL) [10,24]. Brito et al. [5] also used Raman spectroscopy, energy
dispersion X-ray spectroscopy (EDS), and inductively coupled plasma optical emission
spectroscopy (ICP-OES) for the characterization.

2.7. In Vitro Assays

Table 4 presents the in vitro assays and their respective results found by the studies
analyzed in this review. The papers selected for the bibliographic research that are not
included in the table did not conduct in vitro assays [8,25,26,30,31].
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The studies used different cell types to conduct the in vitro assays. The cell lines used
were LLCMK2 (Rhesus monkey renal epithelial cell) [4,10,22,29], NIH-3T3 (isolated mouse
fibroblast cell line) [5,23,24], J774A.1 (monocyte, mouse macrophage) [23], Vero (African
green monkey renal epithelial cells) [23,24,27,28], L-929 (murine fibroblasts) [2], Hep G2
(human hepatocellular cell line) [2], H9C2 from mouse myoblasts [1], and RAW (derived
from macrophages) [24]. Peritoneal macrophage cell lines [4], cardiomyocytes from healthy
mice [7], and spleen cells isolated from C57BL/6 mice [10] were also used.

The test most employed in the articles was MTT, which measures the cytotoxicity
of the nanoparticles conferred to the cells, through extracellular reduction of the tetra-
zolium salts [4,5,22–24,28]. The study [29] assessed cytotoxicity using the resazurin method.
Carneiro et al. [10] resorted to flow cytometry to assess cytotoxicity. Branquinho et al. [7]
evaluated the toxicity potential of the drug through calcium homeostasis in healthy mouse
cells. Vinuesa et al. [2] used the water-soluble tetrazolium (WST) assay to assess cytotoxi-
city. The studies [1,3] did not employ any cell cytotoxicity assay. The paper by Rial [27]
performed tests to quantify ROS and the production of specific T. cruzi antibodies in cardiac
tissue inflammation.

The papers described tests to evaluate the trypanocidal effect of drugs in free form
and of the nanocarriers against the different forms of the evolutionary cycle of Trypanosoma
cruzi. For the epimastigote, trypomastigote, and amastigote forms, tests of trypanocidal
activity at different concentrations, growth inhibition assays, and effect on viability and
efficacy were applied [1–5,10,22–24,28]. Many of the papers selected did not perform tests
for the amastigote form [3–5,7,10,23,24,27,29]. The articles [3,5] only carried out tests for the
epimastigote form, a non-infective form, present in the invertebrate vector. Scalise et al. [28]
only employed the growth inhibition assay in the intracellular amastigote form. For more
robust results, all studies should present tests against the three forms of Trypanosoma cruzi;
mainly against circulating trypomastigotes and intracellular amastigotes, because they are
the forms present in vertebrates. The lack of these tests is considered a limitation of the
studies.

Few studies presented results for CC50, which assesses the drug and nanoparticle
concentrations required to kill 50% of the uninfected cells [4,22,23]. The articles [2,22]
obtained results of the drug and nanoparticle concentrations required to kill 50% of the
parasites present in the infected cells (IC50) in all three T. cruzi forms. Morales-Baez et al. [23]
and Contreras Lancheros et al. [4] did not perform tests to obtain IC50 in amastigotes, just
as Li et al. [1] did not obtain it for the epimastigote form. The articles [10,24] presented the
IC50 result only for the trypomastigotes forms. The papers [3,5,7,27–29] did not present
CC50 or IC50 data.

Some articles calculated the selectivity index (SI), which evaluates the activity of the
compound against infected cells, without causing cellular cytotoxicity in the host [2,4,22].
Understanding the degree of cytotoxicity of free drugs and drugs encapsulated in nanocar-
riers is important to assess the impact on parasite elimination without harming host cells.
Thus, it is essential to calculate the selectivity index (SI), which can be obtained through
CC50 and IC50 studies.

2.8. In Vivo Assays

Table 5 lists the in vivo assays conducted with animals infected and not infected with
Trypanosoma cruzi by the papers selected in this bibliographic review. The studies that did
not conduct in vivo assays are not included in Table 5 [2–4,22–24,27].
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To carry out the in vivo tests, the researchers used the following animal models: C57BL/6
mice [7,25,26,29], BALB/c mice [1], C3H/HeN mice [27,28], and Swiss mice [8,10,30,31] aged
around 1-month-old and of both sexes. The study [29] was the only one that did not report
the animals’ age. The T. cruzi infection in animals was carried out intraperitoneally in all
studies [1,8,10,25–31]. Branquinho et al. [7] did not provide information on the route used to
infect the animals. All animals were infected by the trypomastigote form of Trypanosoma cruzi,
which is the circulating and infective form of the parasite.

The studies used the infected and untreated animals as the control group [1,7,8,10,26–31].
Hernández et al. [25] used a group of untreated healthy animals and another group of
untreated infected animals as control groups. The studies [1,8,27–29] conducted the animals’
treatment during the acute phase of the disease. The studies [25,26] conducted the treatment
in the chronic phase. In turn, the papers [7,30,31] applied the treatment during both
phases of the infection. Carneiro [10] did not report the phase in which the treatment was
conducted. For the administration of drugs and nanoparticles, many studies used the
oral route by gavage [1,10,25–28,30,31]. The papers [1,30] were also administered via the
intravenous route; in turn, those by Branquinho et al. [7,8] only resorted to the intravenous
route.

After the treatment, the main assays applied were to assess the parasitemia level [1,8,
10,25–31] and the survival rate [27,28,30,31]. In addition, assays for the detection of cardiac
enzymes [10,25] and histological analysis of the heart [27,28,30,31] were used.

3. Discussion
3.1. In Vitro Data Discussion

The discussion was carried out after analyzing the in vitro results of the articles
selected in the Table 4.

3.1.1. Polymeric Nanoparticles

Polymeric nanoparticles were widely used by the articles in this review, although only
Contreras Lancheros [4] and De Freitas Oliveira [24] showed better results as compared to
the free drug.

Contreras Lancheros et al. [4] synthesized chitosan polymeric nanoparticles containing
NO. During the infection by the parasite, macrophages release nitric oxide. It is believed
that these molecules are responsible for inhibiting the replication of the parasite. The
problem is that NO is short-lived and can be toxic to some tissues [4]. The study coupled
mercaptosuccinic acid (MSA), an NO precursor molecule, into polymeric nanoparticles
with subsequent nitrosation by adding an equimolar amount of sodium nitrite (NaNO2) to
form S-nitroso-MSA-CS NPs (NO-releasing nanoparticles). The paper evaluated cellular
cytotoxicity in peritoneal macrophages and the effects of the nanoparticles against the T.
cruzi forms, finding the following results: in the cellular viability evaluation by the MTT
method, the CC50 value found was 400 ± 5.7 µg/mL after 72 h of exposure to the MSA
polymeric nanoparticle (S-nitroso-MSA-CS NPs). For the different forms of T. cruzi, tests of
effect against parasite proliferation were performed by direct count in a hemocytometer
under a light microscope, finding IC50 values of 75.0 ± 6.5 µg/mL for epimastigotes and
25.0 ± 5.0 µg/mL for circulating trypomastigotes. The nanoparticles were also effective
in reducing the intracellular amastigote forms. With these results, it was possible to carry
out the calculation to obtain the selectivity index (SI), which was 5.3 for epimastigotes and
16 for trypomastigotes. The result was positive because it indicates greater selectivity of
the nanoparticles by the parasite and sustained NO release when compared to the free
donor [4].

De Freitas Oliveira et al. [24] synthesized polymeric nanoparticles of sodium di-
ethyldithiocarbamate (DETC), a compound from the class of carbamates previously studied
by the authors with promising results in combating Chagas disease. Its mechanism of
action consists of stimulating ROS and chelating metals, which are harmful to the parasite.
However, they can be harmful to the host. To avoid toxic effects and maintain an action
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against the parasite, the study encapsulated diethyldithiocarbamate in PLA [24]. The
authors carried out tests to evaluate cytotoxicity by MTT in three different cell lines and
the antiparasitic activity of the DETC nanoparticles against the circulating trypomastigote
form. Free BZN was used as a positive control. When tested by different concentrations of
the nanoparticles containing diethyldithiocarbamate in the cytotoxicity assays, all three
cell lines: RAW, derived from macrophages; 3T3, derived from fibroblasts; and Vero, de-
rived from renal epithelial cells, remained constant in viability. There was a significant
reduction in viability only in the Vero cells, by 60%, at the highest concentration tested:
132 µM. When evaluating the antiparasitic activity, the study obtained IC50 results of the
diethyldithiocarbamate nanoparticles for three different T. cruzi strains and compared them
to the results found with free BZN [24]. For the Dm28c strain, the IC50 of the nanoparticles
was 15.47 ± 2.71 µM, while the one for free BZN was 70.58 ± 6.87 µM. In the evaluation of
the Y strain, IC50 was 45.15 ± 5.44 µM and 85.24 ± 5.22 µM for the diethyldithiocarbamate
nanoparticles and for free BZN, respectively. For the Bolivia strain, the IC50 of the nanopar-
ticles was 47.89 ± 3.98 µM and, for free BZN, it was 79.78 ± 6.18 µM. As can be seen, for all
three strains of Trypanosoma cruzi, the IC50 was lower when using the diethyldithiocarba-
mate nanoparticles when compared to free BZN. The study did not present the selectivity
index (SI) but concluded that the DETC nanoparticles demonstrated low toxicity when
compared to the drug in free form due to its capacity for controlled release, reducing cell
damage. The nanoparticles showed an IC50 similar to the one already found by the authors
with the free drug in previous studies, which shows that there was no reduction in activity
against the parasite in the encapsulated form with the controlled release [24].

3.1.2. Lipid Nanoparticle

Several studies compared trypanocidal effects and cytotoxicity using another type
of nanostructure: lipid nanoparticles. Vinuesa et al. [2] resorted to assays with different
concentrations of SLNs, NLCs, and free BZN against all three forms of the T. cruzi cycle.
For the circulating trypomastigote and intracellular amastigote forms, the IC50 values
found were 17.6 ± 3.3 µM for NLCs, and 0.8 ± 0.4 µM for free BZN. For the epimastigote
forms, the IC50 results were between 48.8 ± 14.3 µM and 123.9 ± 19.7 µM with SLNs,
41.3 ± 9.9 µM and 256.0 ± 19.9 µM for NLCs, and 17.7 ± 2.1 µM for free BZN. As can be
seen, the values found for free BZN were better than with the use of lipid nanoparticles.
This is also reflected by the numbers presented for the selectivity index, which were 21 and
69 for epimastigotes and trypomastigotes, respectively, with the use of NLCs, and 54 for
epimastigotes and 904 for trypomastigotes with free BZN. In the cytotoxicity evaluation by
WST performed in murine fibroblasts (L 929) and human liver cells (Hep G2), the article
found mixed results for SLNs, requiring a reassessment of the accuracy of the test, which
caused these nanoparticles to be removed from the study [2].

Carneiro et al. [10] compared in vitro the trypanocidal effects of the free compound
H2bdtc (5-hydroxy-3-methyl-5-phenyl-pyrazoline-1-(S-benzyl dithiocarbonate)) with its
conjugated form in a solid lipid nanoparticle (H2bdtc-SLNs) and with free BZN against the
circulating trypomastigote form. With free H2bdtc, the IC50 found was 0.50 ± 0.12 µM, for
the solid lipid nanoparticle loaded with H2bdtc it was 1.83 ± 0.18 µM, and with free BZN,
the IC50 was 0.50 ± 0.39 µM. Cytotoxicity was evaluated with cells isolated from C57BL/6
mice. No significant cytotoxicity was found with the free and encapsulated form of H2bdtc.
Despite the trypanocidal effect of free and H2bdtc-loaded in SLNs being like that of free
BZN, the drug has a positive result, as it was not toxic to the cells [10].

3.1.3. Other Nanoparticles

Tessarolo et al. [22] synthesized inorganic calcium carbonate nanoparticles loaded
with 1 mg/mL of benznidazole (BZN encapsulated in CaCO3 nanoparticles) using the
emulsification method. The use of calcium carbonate to produce the nanoparticle was due
to its use in previous studies in the selective and targeted release of chemotherapy drugs
in cancer treatments. The study used in vitro cytotoxicity and effect tests against all three
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forms of T. cruzi with the use of free BZN and calcium carbonate nanoparticles loaded with
BZN at different times and concentrations, for comparison purposes. In the MTT cytotoxic-
ity evaluation, the study used LLCMK2 mammalian cells. CC50 was 55.35 ± 9.03 µg/mL
for BZN-loaded calcium carbonate nanoparticles and 160.4 ± 75.09 µg/mL for free BZN.
The results show an increase in the cytotoxicity of BZN encapsulated in nanoparticles
concerning the free drug, but that was not reflected in the SI, as the SI of encapsulated BZN
was 30.5 and the one for free BZN was 2.38. The higher the SI value, the more selective the
compound is for the parasite, without causing toxicity to the host cell. With the use of flow
cytometry, the parasites were analyzed, and it was discovered that cell death was caused
by interference with mitochondrial metabolism. As for the effect against the evolution-
ary forms of Trypanosoma cruzi, the paper presented the IC50 values for the nanoparticles
containing BZN and free BZN. For the epimastigote form, the antiparasitic effects were eval-
uated at 24, 48, and 72 h. With BZN encapsulated in CaCO3 nanoparticles, IC50 values of
8.72 µg/mL, 8.02 µg/mL, and 4.8 µg/mL were obtained at 24 h, 48 h, and 72 h, respectively.
With the use of free BZN, IC50 was 56.7 µg/mL at 24 h, 15.91 µg/mL at 48 h, and 4.3 µg/mL
at 72 h. The results show that lower concentrations of the calcium carbonate nanoparticles
loaded with BZN were necessary to kill the parasite in a shorter period when compared to
free BZN. For the circulating trypomastigotes, the study showed results of the minimum
lethal concentration for the parasites (LC50), reaching 1.77 ± 0.58 µg/mL with the calcium
carbonate nanoparticles loaded with BZN, a value 37 times lower than the one achieved
by free BZN, which was 66.9 ± 20.3 µg/mL at 24 h. Circulating trypomastigotes were
killed within 24 h at all concentrations tested (50–0.39 µg/mL). However, free BZN was less
effective in eliminating the parasite as higher concentrations in the range of 12.5–50 µg/mL
had to be administered to reach LC50. In tests of inhibition of the intracellular amastigote
forms, compound BZN encapsulated in CaCO3 nanoparticles was able to reduce by 25%
the number of infected cells and by 46% the number of amastigotes per cell with an IC50 of
8.72 µg/mL. Free BZN also reduced the number of infected cells by 25% and the number of
amastigotes within each cell by 32%, but with a much higher IC50 (56.7 µg/mL). Encap-
sulated BZN showed trypanocidal efficacy against all three forms of Trypanosoma cruzi at
lower doses when compared to free BZN [22].

Another article that showed significant results in in vitro assays was Morales-Baez
et al. [23], who synthesized nanoparticles of hybrid materials called MOFs and coupled
them to ergosterol peroxide (MOFs-EP), as they have immunosuppressive, antiparasitic,
and anti-inflammatory activity. The study analyzed the trypanocidal activity of free MOFs
and MOFs coupled to ergosterol peroxide against epimastigotes and trypomastigotes at
different concentrations and the toxicity of free MOF nanoparticles by the MTT assay in
three cell types. The IC50 value of the MOF nanoparticles coupled to ergosterol peroxide
was the same for both forms of the T. cruzi cycle: 4.81 µg/mL at 24 h and 3.0 µg/mL at 48 h.
The application of free MOF nanoparticles at different concentrations and incubation times
showed no effect against parasite growth when compared to nifurtimox (positive control),
but it was effective when applied in the form of MOF nanoparticles coupled to ergosterol
peroxide (MOFs-EP), causing a decrease in parasite growth at different concentrations and
incubation times. The cytotoxicity evaluation test by MTT was performed with different
concentrations of free MOF nanoparticles applied to cell monolayers in triplicate in three
different cell types. The MTT result showed that the free MOF nanoparticles were not
cytotoxic when used at different low concentrations; it only showed cell damage when the
cells were incubated with 1% Triton X-100 (positive control). The CC50 results found for the
free MOF nanoparticles were as follows: 392.0 µg/mL for NIH3T3 cells, 593.6 µg/mL for
J774A.1 cells, and 1030.0 µg/mL for Vero cells. It was concluded that the MOF nanoparticles
did not induce cytotoxicity in cells and may be a promising alternative for the treatment of
the acute phase of Chagas disease, due to their selectivity for the plasma membrane, their
inhibitory effect against the circulating trypomastigote forms of T. cruzi, and for not present-
ing adverse effects. The study failed to perform tests against the intracellular amastigote
form and required complementary testing to assess adverse effects. The selectivity index
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(SI) was not obtained, and it was not possible to calculate it, as the study did not present
CC50 results for the MOF nanoparticles containing ergosterol peroxide [23].

When comparing both studies, the results obtained by Tessarolo et al. [22] were more
complete and had more significant effects. The study managed to obtain 100% of circulating
parasites killed within 24 h of treatment with the calcium carbonate nanoparticles loaded
with BZN at all administered doses, with an LC50 (lethal dose for 50% of the parasites)
of 1.77 ± 0.58 µg/mL, lower than the IC50 found in the study by Morales-Baez et al. [23].
In addition to that, they carried out tests for all three forms of T. cruzi. Although the
cytotoxicity of BZN increased when coupled to the nanoparticles, the selectivity index was
satisfactory and showed greater selectivity of the calcium carbonate nanoparticles loaded
with BZN for the parasite than the free BZN. In the study of Morales-Baez et al. [23], the
CC50 value was only obtained by the free form of the MOF nanoparticles, and it was not
possible to calculate the selectivity index.

3.1.4. Liposomes and Vesicular Nanocarriers

Another study that presented results of in vitro assays was that of Li et al. [1]. The
article compared the effects of free BZN with those of the vesicular nanocarrier (poly
(ethylene glycol)-block-poly (propylene sulfide) (BZN-PSs)) loaded with BZN. The vesicular
nanocarrier (BZN-PSs) was chosen because it had already been used in therapy for effective
delivery and reduced toxicity [1]. Trypanocidal efficacy was evaluated in two stages
of the T. cruzi cycle, against intracellular amastigotes and circulating trypomastigotes.
The IC50 found for the vesicular nanocarrier loaded with BZN in the effect test against
intracellular amastigotes was 3.51 ± 0.79 µM and, for free BZN, it was 33.07 ± 8.17 µM.
In assays against circulating trypomastigotes, IC50 was 55.87 ± 11.39 µM for the vesicular
nanocarrier containing BZN and 56.06 ± 12.21 µM for free BZN. Despite not presenting
results on the selectivity index and CC50, the study by Li et al. [1] demonstrates, as well as
that of Tessarolo et al. [22], significant efficacy in reducing the concentration of the drug
against the intracellular amastigote form of the parasite. The IC50 result in circulating
trypomastigotes was like that of the free BZN found in this study. The article explains that
this occurs because the nanostructure manages to take the same route as T. cruzi in cell
penetration and disintegrate only inside the cell, slowly releasing BZN, which makes it
better against intracellular amastigote forms, in addition to contributing to the decrease in
toxicity [1].

Vinuesa et al. [2] also performed tests with free and BZN-loaded liposomes to assess
cytotoxicity in two mammalian cells (L-929 and Hep G2) and the antiparasitic effect against
T. cruzi. The results found in the cytotoxicity assays were 0 to 39.4 ± 2.4 µg/mL in L-929
fibroblasts and 0 to 36.2 ± 4.9 µg/mL in the Hep G2 cell line for free liposomes. For
BZN-loaded liposomes, the results were 0 to 14.9 ± 1.9 µg/mL in L-929 fibroblasts and
0 to 1.5 ± 2.6 µg/mL in Hep G2 cells. The results varied according to the concentrations.
Liposome toxicity was considered insignificant in the study. The toxicity result for free BZN
in L-929 fibroblast cells was 3.9 ± 4.5 µM and the IC50 of the effect against epimastigotes
was 14.8± 4.9 µM. It was not possible to obtain the IC50 of the BZN-loaded liposome, as the
BZN concentrations achieved by the liposome were very low, less than 12 µM, rendering its
effect against the parasite negligible. The study concluded that liposomes were inefficient
in transporting and releasing BZN [2].

Among the two articles that used liposomes as BZN carriers in vitro assays, Li et al. [1]
managed to achieve better results with the BZN-loaded polymersome vesicular nanocarrier,
as it required lower concentrations of encapsulated BZN when compared to its free-form in
the effect against intracellular amastigotes.

Because of all the values presented, the articles that obtained the best results in the
in vitro tests were those that worked with inorganic [22], organic [23], and polymeric [4,24]
nanocarriers. They showed efficiency in reducing the toxicity and dose of the drug when
coupled with nanocarriers. The articles that worked with liposomes and lipid nanocarriers
did not obtain satisfactory results [1,2,10].
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3.2. In Vivo Data Discussion

The discussion was carried out after analyzing the in vivo results of the articles selected
in Table 5. Regarding the in vivo tests, the articles were evaluated regarding the results
of the tests for reducing animals’ parasite load, survival rate, and mortality. Some papers
described tests only in the acute phase of the disease [1,8,27–29], and others only did so in
the chronic phase [25,26], evaluating the appearance of cardiac and hepatic markers. Other
articles obtained results for both phases of the disease [7,30,31]. The nanocarriers used in
the in vivo tests were polymeric nanoparticles, lipid nanoparticles, polymersomes, and
polymeric micelles.

3.2.1. Polymeric Nanoparticles

Branquinho et al. [8] used polymeric nanoparticles for treating the acute phase of
Chagas disease. Polymeric nanoparticles were synthesized with LYC encapsulated based
on PCL and PLA-PEG and their in vivo effects were compared to the drug and to free BZN.
Mice were separated into groups for four experiments and infected with different T. cruzi
strains: CL (sensitive to BZN) and Y (partially resistant to BZN). All administrations were
performed intravenously into the rear veins. Free BZN and free LYC were administered in
a mixture of DMA-PEG 300 solution diluted in 5% glucose. In all experiments of this study,
2 mg/kg/day doses of free and encapsulated LYC in nanoparticles and 50 mg/kg/day
doses of free BZN were administered [8]. In the analysis of the parasitemia peak of the
groups infected by the CL strain (sensitive to BZN), in experiment I, initiated 24 h after the
infection and lasting 10 days, the result was a reduction in parasitemia by 98.6% with free
BZN, by 56.3% with free LYC, and by 96.3% for the LYC-loaded nanoparticles (LYC-PCL
NC), when compared to the untreated control groups. As for the survival rate of animals
infected by the CL strain (sensitive to BZN), those in the untreated control group survived
for approximately 20 days. The groups treated with free BZN and with the LYC-loaded
PCL nanoparticles had a 100% survival rate for 6 months after treatment and the animals
that received only free LYC had a 75% survival rate in the same period. The remaining
25% survived for 24 days. Experiment II carried out with the CL strain, initiated 7 days
after the infection and lasting 20 days, obtained a reduction during the parasitemia peak of
99.2% for free BZN, 57.7% for free LIC, 98.2% for the LYC-loaded PCL nanoparticles, and
99.30% for the LYC-loaded PLA nanoparticles. The results show that free LYC had a lower
parasitemia reduction rate than the groups treated with free BZN and with LYC-loaded
PLA-PEG and PCL nanoparticles. The survival rate was 21 days for the untreated groups.
A total of 50% of the animals treated with free LYC survived for 34 days and 100% of the
animals treated with free BZN and with both LYC-loaded nanoparticles survived during
the entire acute phase for 6 months after the treatment, until they were necropsied [8].

The animals infected by the Y strain (partially resistant to BZN) were treated in
experiment III, initiated 24 h after the infection and lasting 10 days. They obtained peak
parasitemia reductions of 94.3% with free BZN, 37.8% with free LYC, and 96.9% by the LYC-
loaded PCL nanoparticles when compared to the untreated control group. This experiment
did not use the PLA-PEG nanoparticles. Once again, the parasitemia of free LYC remained
higher when compared to free BZN and LYC encapsulated in the nanoparticles, although it
achieved a greater reduction when compared to the untreated control group [8].

The survival rate was 100% for the groups treated with free BZN and with the LYC-
loaded PCL nanoparticles. The animals in the untreated control group survived for only
16 days and treatment with free LYC did not improve survival. In experiment IV, the group
began to be treated 4 days after the infection, for a total of 20 days, with PLA-PEG and PLC
nanoparticles loaded with LYC and with free BZN, obtaining reductions in the parasitemia
peak of 99.55% with the LYC-loaded PCL nanoparticles, of 95.76% for the LYC-loaded
PLA-PEG nanoparticles, and of 98.20% for free BZN. The survival rate was the same as in
the previous group [8].

Treatment efficacy was assessed by parasitological cure. In experiment I, of the animals
infected by the CL strain, those treated with free BZN had a 100% cure, while those treated
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with the LYC-loaded PCL nanoparticles achieved a 50% cure. In experiment II, the animals
treated with both nanoparticles and with free BZN had a 100% cure. In both experiments (I
and II), none of the animals treated with free LYC or those in the untreated control group
were cured. In experiment III, the animals treated with the LYC-loaded PCL nanoparticles
achieved a 50% cure, while none of the mice treated with free LYC and free BZN were cured.
In experiment IV, a 75% cure was obtained with free BZN, 100% with the LYC-loaded
PLA-PEG nanoparticles, and 62.2% with the LYC-loaded PCL nanoparticles. No cure was
achieved for the mice in the untreated control group. It is concluded that LYC was able to
reduce parasitemia by 56% to 99% and by 37% to 99% in the CL and Y strains, respectively,
with intravenous administration of 2 mg/kg/day, depending on the type of formulation
and the schedule used [8]. The results could be even better with higher doses. The animals
survived without signs of toxicity in the experimental tests with free LYC and with the
LYC-loaded PLA-PEG and PCL nanoparticles. Free BZN in a DMA-PEG 300 solution was
able to cure 75% of the animals with a 50 mg/kg/day dose, a better result than the one
found with the standard dose of 100 mg/kg/day used for treating Chagas disease, which
reached a 50% healing rate [8].

Despite the reduction in parasitemia and the survival rate of mice infected with the CL
strain, experiment I achieved a cure rate of 50% using the LYC-loaded PCL nanoparticles,
not outdoing free BZN, which reached 100%. The study explains that this result could be
due to the high sensitivity of the CL strain to BZN and to the short treatment period, which
was initiated 24 h after the infection and lasted only 10 days. The results of experiment
II were better, achieving total survival and complete cure with the LYC-loaded PLA-
PEG nanoparticles, with the LYC-loaded PCL nanoparticles, and with free BZN. The
treatment in experiment II was initiated 7 days after the infection and lasted 20 days. It
is believed that the results were better than experiment I because, after this period, the
intracellular amastigote forms had already multiplied and ruptured the host cells, releasing
the circulating trypomastigote form in the bloodstream, encountering the drugs and with
the nanoparticles [8]. The same occurred in the experiments with the Y strain, partially
resistant to BZN. The action of encapsulated LYC was better than that of free LYC due to
the ability of the nanoparticles to carry out a prolonged release of the drug. As was the case
in experiment I, experiment III carried out the treatment for 10 days, starting it 24 h after
the infection, which resulted in a reduction in parasitemia and cure in 50% of the animals
only with the use of the LYC-loaded PCL nanoparticles. Once again, the above shows the
importance of longer treatment and waiting times to start after the infection. Experiment
IV obtained a 100% parasitological cure with the LYC-loaded PLA-PEG nanoparticles,
75% with free BZN, and 62.5% with the LYC-loaded PCL nanoparticles. Free LYC ceased
to be used in this experiment due to its lower results to the nanoparticles. In the entire
treatment, 50% of the animals treated with free LYC did not survive and did not present a
parasitological cure. The above shows the importance of encapsulation in nanocarriers [8].

De Mello et al. [30] also used PLA-PEG and PCL polymeric nanoparticles containing
the LYC-encapsulated natural active ingredient for in vivo assays. The nanoparticles were
prepared by the technique of interfacial deposition of the preformed polymer followed
by solvent displacement. The paper carried out tests during the acute and chronic phases
of the disease in mice infected with the T. cruzi Y strain (partially resistant to BZN) and
compared the results. The animals were infected intraperitoneally with 10,000 circulating
trypomastigotes for the acute phase and 500 circulating trypomastigotes for the chronic
phase. In the acute phase, the animals were orally treated with both LYC-loaded nanopar-
ticles and with free LYC at a dose of 5 mg/kg/day for 20 days, starting on the 4th day
after the infection, as was performed in experiment IV of the article by Branquinho [8].
In the chronic phase, free LYC and both LYC-loaded nanoparticles were administered
orally (5 mg/kg/day) and intravenously (2 mg/kg/day) for 20 days, starting 90 days
after the infection. For comparison purposes, two groups of animals were treated with
100 mg/kg/day of free BZN orally and 50 mg/kg/day intravenously [30].
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Fresh blood tests, PCR, blood culture, and enzyme-linked immunosorbent assay
(ELISA) were performed to assess therapeutic efficacy. The cure rate achieved with the
use of the LYC-loaded PLA-PEG nanoparticles was 62.5% in the acute phase by the oral
route, 55.6% in the chronic phase by the oral route, and 50% in the intravenous route. With
the LYC-loaded PCL nanoparticles, the cure rates were 57.0% in the acute phase by the
oral route, 30.0% in the chronic phase by the oral route, and 33.3% by the intravenous
route. As in the results obtained by Branquinho et al. [8], no animal was cured with the
use of free LYC, despite managing to reduce parasitemia and increase the survival rate
when compared to the control group without treatment. The animals treated with free BZN
achieved a cure rate like those treated with nanoparticles during the acute phase. In the
chronic phase, only the animals treated with the LYC-loaded nanoparticles were cured,
both in oral and intravenous administration. Treatment with the LYC-loaded PLA-PEG
nanoparticles and free BZN achieved total parasitemia suppression in the acute phase.
The survival rate of the animals was 75% with free LYC, 87% with the LYC-loaded PCL
nanoparticles, and 100% with the LYC-loaded PLA-PEG nanoparticles up to 6 months after
treatment when they were necropsied. In the control groups, the animals survived for
approximately 20 days [30].

The survival rate in the chronic phase was 70% (orally) and 40% (i.v.) with free
LYC, 80% (orally) and 50% (i.v.) with free BZN, 100% (orally) and 90% (via i.v.) with
the LYC-loaded PCL nanoparticles, and 90% (orally) and 100% (via i.v.) with the LYC-
loaded PLA-PEG nanoparticles. The survival rate of the untreated groups was 70% by
the oral route. The results demonstrated greater efficacy of the LYC-loaded PLA-PEG
nanoparticles in the treatment of the disease when compared to free LYC. The higher
efficiency of nanoparticles containing LYC against the parasite is due to the controlled
release of the active drug, as it has a smaller particle size, the ability to stabilize the drug
in the gastrointestinal tract, and to influence tissue diffusion and LYC uptake into the
blood [30].

Despite having good permeability, rapid absorption, and distribution in its free form,
LYC has poor solubility. In addition to that, it requires the administration of repeated doses
due to its rapid elimination. In oral administration, it shows chemical instability in contact
with the pH of the gastrointestinal tract [30]. Encapsulation in polymeric nanoparticles con-
trols the drug release in a slow and sustained way, which improves pharmacokinetics and
biodistribution; in addition to reducing the need for multiple doses, which consequently
reduces toxicity. Polymeric nanoparticles are more stable than other nanocarriers, such as
lipid-based ones, liposomes, and micelles. The polymeric wall stabilizes the encapsulated
drug and increases circulation time by reducing opsonization and release by the phagocytic
system. Degradation of the polymeric wall and the release of LYC to the external environ-
ment are reduced by preventing the entry of proteins into the oil core. As they do not have
elimination and accelerated metabolism like free LYC, LYC-loaded polymeric nanoparticles
manage to accumulate in regions of inflamed tissues, improving their activity and being
more effective [30]. Although the results achieved by the nanoparticles are close to those
found with free BZN, it is important to emphasize that this shows the significant efficacy of
these nanocarriers, as they do not compromise the action of the drugs but achieve excellent
results by reducing the dose required for the treatment, which is essential to obtain the
lowest possible level of adverse effects. In addition to that, the aqueous suspension of LYC-
encapsulated nanoparticles is a physiologically acceptable vehicle for oral administration.
Having achieved a cure in the chronic phase by this study is encouraging, as it is a phase of
the disease with virtually no effective conventional treatments.

Branquinho et al. [31] also evaluated in vivo assays of the action of the PLA-PEG
polymeric nanoparticles loaded with LYC. Treatment was performed by administering
higher doses orally to mice infected with a strain (VL-10) resistant to BZN and nifurtimox
during the acute and chronic phases of the disease. During the acute phase, treatment was
initiated 9 days after the infection and lasted 20 days. In the chronic phase, it was initiated
90 days after the infection, with the same duration. A total of 12 mg/kg/day of free LYC, 8
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or 12 mg/kg/day of LYC-loaded PLA-PEG nanoparticles, or 100 mg/kg/day of free BZN
were administered. With the tests in the acute phase of the disease, the LYC-loaded PLA-
PEG nanoparticles managed to suppress parasitemia by 100% with a 12 mg/kg/day dose
and by 50% with the lowest dose: 8 mg/kg/day. At a dose of 12 mg/kg/day of the LYC-
loaded PLA-PEG nanoparticles, the results obtained were 75% cure in the acute phase and
88% cure in the chronic phase of the disease. At a dose of 8 mg/kg/day, the cure was 43%
both in the acute and chronic phases. The animals treated with free BZN and free LYC were
not cured, as was also the case with untreated controls. In all groups, the survival rate was
87.5% in the acute phase and, with the LYC-loaded PLA-PEG nanoparticles, it was 100%.
In the chronic phase, the survival rate with the use of 12 mg/kg/day of the nanoparticles
or with 100 mg/kg/day of free BZN was 80%, while with the dose of 8 mg/kg/day of the
nanoparticles and free LYC, it was 70% [31].

In all three articles discussed, the treatment with polymeric nanoparticles showed
better results when compared to those achieved by the drugs in their free form. The result
varies according to the T. cruzi strain, the dose used in the treatment, the length of the
treatment time, and the start date. The article [8] tested a 2 mg/kg/day dose during
treatment (10 and 20 days) and different strains in the acute phase. The results after 20 days
were better, as well as in the studies by De Mello et al. [30] and Branquinho et al. [31]. The
treatment was also more effective when initiated 4 to 9 days after the infection in the acute
phase, as shown in experiments II and IV by Branquinho et al. [8] and in the tests by De
Mello et al. [30] and Branquinho et al. [31]. Free LYC failed to cure any of the animals,
while free BZN did not cure mice infected with the BZN-resistant VL-10 strain [31] but
achieved high cure rates against sensitive (CL) [8] and partially resistant strains to BZN
(Y) [30]. LYC-loaded polymeric nanoparticles achieved high cure rates against all strains at
lower doses than those administered with free BZN.

The results of the tests carried out in the chronic phase of the disease were encouraging.
The article [30] obtained a cure rate of approximately 55% with the LYC-loaded PLA-PEG
nanoparticles and approximately 33% with the LYC-loaded PCL nanoparticles. There was
no significant difference between the results with oral and intravenous administration. The
study by Branquinho et al. [31] obtained a higher cure rate (88%) of mice in tests in the
chronic phase with the administration of a higher dose: 12 mg/kg/day. In both studies,
free BZN and free LYC failed to cure any animals in the chronic phase tests. In conclusion,
the studies showed that LYC encapsulated in polymeric nanoparticles was more effective in
reducing parasitemia and in achieving a parasitological cure, and increased animal survival,
even when administered at low doses (2 mg/kg/day), when compared to free BZN (100 to
50 mg/kg/day). Encapsulated LYC presented no toxicity in any of all three studies, thus
representing a promising alternative for the treatment of Chagas disease.

3.2.2. Lipid Nanoparticles

In addition to the aforementioned in vitro assays, the study by Carneiro et al. [10]
carried out in vivo assays comparing the action against the circulating trypomastigote form
of T. cruzi of the solid lipid nanoparticles loaded with compound H2bdtc (5-hydroxy-3-
methyl-5- phenyl-pyrazoline-1-(S-benzyl dithiocarbonate) to its free form and to free BZN.
The tests were performed on mice infected with the T. cruzi Y strain. The treatment was
administered orally with 1.0 mg/kg/day of free BZN (100 times less than the standard
concentration for the treatment of Chagas disease) and 1.4 mg/kg/day of free H2bdtc and
H2bdtc-encapsulated in SLNs, for 10 consecutive days. The treatment was initiated on
the fifth day after the infection, which reached its peak 9 days later. The results showed
a 70% reduction in parasitemia with the administration of the 2bdtc-loaded solid lipid
nanoparticle, 45% with free H2bdtc, and 15% with free BZN (positive control) when
compared to the control group. The survival rate of the mice was 100% using the 2bdtc-
loaded solid lipid nanoparticles. This rate is comparable to the one obtained with the
standard administration of free BZN at 400 µmol/kg/day, 100 times higher than the one
used in this study with the nanoparticles. With free BZN and H2bdtc, the survival rate
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compared to the control group was 57%. The study also evaluated whether there was
heart and liver damage in the animals after the treatment [10]. The results showed that
the animals treated with the nanoparticles did not show cardiac lesions, only reduced
inflammation. The H2bdtc compound in its free form reduced cardiac damage by 50%
when compared to free BZN in the standard treatment. The H2bdtc-loaded in SLNs also
reduced liver toxicity and liver inflammation caused by the T. cruzi infection. Both in the
in vitro and in vivo assays, the encapsulation of the H2bdtc compound obtained better
results than those found with free BZN when administered at the same concentrations
as in the study. The article shows that the nanoparticles were able to increase the oral
bioavailability of the drug and improve solubility, which may facilitate access to the parasite.
The study concludes that the compound is more efficient than the drugs currently used
against the T. cruzi infection [10].

3.2.3. Polymeric Micelles

The articles [26–28] studied BZN-loaded polymeric micelles (BZN-PMs). Rial et al. [27]
and Scalise et al. [28] performed in vivo assays during the acute phase of the disease.

Rial et al. [27] administered polymeric micelles dispersed in olive oil by oral gavage
at doses of 10, 25, and 50 mg/kg/day in different groups of mice, for 30 days, starting
two days after infection, and compared the results obtained to free BZN dispersed in olive
oil at a dose of 50 mg/kg/day by oral gavage. All mice treated with free BZN and with
the BZN-loaded polymeric micelle survived until the end of the treatment. In the control
group, only 15% of the animals survived. The saturation solubility of BZN encapsulated in
polymeric micelles had a 10-fold increase (3.99 mg/mL) when compared to the solubility
of free BZN (0.44 mg/mL) [27]. Improved solubility and absorption of BZN encapsulated
in polymeric micelles (BZN-PMs) provided an increase in the animals’ survival rate with
a 10 mg/kg/day dose, much lower than the conventional 100 mg/kg/day free BZN
dose. The decrease in the dose achieved by encapsulating BZN in polymeric micelles with
sustained release improves the pharmacological action, can avoid possible adverse effects,
and reduces the administration frequency [27].

Scalise et al. [28] carried out tests for 15 and 30 days with mice separated into groups,
administering oral doses of 50, 25, and 10 mg/kg/day with BZN-loaded polymeric micelles
(BZN-PMs). At doses of 50 and 25 mg/kg/day, all mice survived for at least 50 days.
Mice infected and treated with a 10 mg/kg/day dose had a survival rate of 70%. Thus, it
can be stated that the efficacy of the treatment is dose dependent. Furthermore, as in the
study by Rial [27], BZN-loaded polymeric micelles had a significant antiparasitic effect and
prevention of animal death even at lower doses.

Rial et al. [26] used BZN-loaded polymeric micelles (BZN-PMs) in 1-month-old female
C57BL/6J model mice of similar weight infected with the Nicaragua strain of T. cruzi during
the chronic phase of the disease. The treatment was carried out by separating the animals
into different groups and comparing the efficacy of administering BZN-MP continuously
with intermittently. For the continuous treatment, the animals received BZN-PM doses of
25 and 50 mg/kg/day for 30 days. For the intermittent treatment, they received 13 doses
of 50 and 75 mg/kg every 7 days. The administration was via the oral route. The results
showed that the intermittent doses were as effective as those administered continuously,
which is beneficial because the total intermittent dose is smaller. All animals survived until
the end of treatment. The evaluation of the efficacy of the treatment by qPCR showed
that 80% of the animals continuously treated with a 50 mg/kg/day dose had negative
results. All other groups treated with BZN-PMs had no parasite load detected. The authors
compared the results with previous studies and revealed that 80% of the animals treated
with continuous doses of 75 mg/kg did not present parasitemia, while for the group treated
with intermittent doses of 100 mg/kg, 75% did not present parasitemia [26].

The study also evaluated levels of T. cruzi-specific antibodies. The results showed a
reduction in the antibody levels in all treatment groups when compared to the untreated
ones, as well as a better reduction with the intermittent BZN-PM administration. Cardiac
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electrical alterations in mice were evaluated by ECG, considering that the conduction
alterations caused by the infection were reverted after BZN-PM administration continuously
and intermittently. Despite this, free BZN showed the same efficacy as polymeric micelles.
The study also provoked immunosuppression of the animals after the treatment to evaluate
the reactivation of the parasite, not detecting blood parasitic load [26].

When compared to previous studies carried out by Rial et al. [26], a significant reduc-
tion was obtained concerning the standard dose of 100 mg/kg/day, being equally effective
with a dose of 75 mg/kg/day. This equated to an approximately 70% reduction in the total
dose. This improvement is due to the BZN encapsulation in micelles, which are smaller
than standard BZN and increase solubility from 0.4 mg/mL to 3.99 mg/mL [26]. Good
results were obtained in the administration of smaller BZN-PM doses, as shown in this
study with intermittent doses, as they can be an alternative to long-term treatments with
fewer adverse effects on the patient.

3.2.4. Liposomes

In addition to the tests performed in vitro, the article [1] also evaluated the action of
the vesicular nanocarrier (polymersome) with encapsulated BZN (poly (ethylene glycol)
—block—poly (propylene sulfide) (BZN-PSs)) in in vitro assays in BALB/c mice infected
with the T. cruzi Y strain, during the chronic phase of Chagas disease. The animals were
separated into groups and the treatment was initiated 7 days after the infection with the ad-
ministration of three different concentrations of the BZN-loaded vesicular nanocarrier (0.03,
0.15, and 1.5 mg/kg), 100 mg/kg for the group treated with free BZN, empty nanocarrier,
and an untreated group. The results showed that the BZN-loaded vesicular nanocarrier
obtained better reduction rates in cardiac parasitemia and myocarditis at a concentration
of 1.5 mg/kg. The lowest dose of 0.03 mg/kg reduced parasitemia by 50%, while the
mean dose of 0.15 mg/kg failed to reduce cardiac parasitemia but did reduce myocarditis
(heart inflammation). At its standard treatment dose (100 mg/kg/day), free BZN was less
effective in reducing parasitemia when compared to doses of the BZN-loaded vesicular
nanocarrier. In addition to that, no hepatotoxicity was detected in mice using BZN-PS.
The amount of BZN present in both nanocarriers administered during all 14 days of the
treatment was 466 times lower than the one normally used with free BZN, achieving similar
results in reducing parasitemia. The most important result achieved by the study was the
reduction in myocarditis/cardiomyopathy (heart inflammation), the most serious sequel
caused by infection with the parasite. Once again, using the encapsulated form of drugs
in nanocarriers demonstrates significant efficacy in reducing the necessary doses for the
treatment against the T. cruzi parasite, without causing undesirable adverse effects to the
patients. Despite being promising, nanocarriers still need to be tested in clinical studies to
evaluate their action in humans [1].

After analysis of the articles discussed, it is concluded that the best results were
obtained with the use of drugs encapsulated in polymeric nanoparticles, as shown in the
studies by Branquinho et al. [8], De Mello et al. [30], and Branquinho et al. [31]. The best
length of the treatment in time was 20 days, starting 4 to 7 days after the infection. The
studies analyzed the oral and intravenous routes, not showing significant differences in
the results, with oral administration as the best choice for the patients’ adaptation. In
addition to BZN, the first-choice drug used against the T. cruzi parasite, LYC is a natural
product encapsulated in polymeric nanoparticles that proved to be a great alternative for
the treatment, obtaining high parasitemia reduction rates, as well as increased survival and
cure rates for the animals during the acute and chronic phases of the disease, with doses
much lower than those used in standard treatments with free BZN. Their studies can be
improved and progress to future clinical trials.

Studies have shown that nanocarriers offer several advantages over traditional drugs
for the treatment of Chagas disease. One of these advantages is that nanocarriers can
improve the bioavailability of the drug, allowing it to reach specific sites more efficiently,
improving the therapeutic index [13]. Nanocarriers administered orally need to be ab-
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sorbed in the intestine by permeation for drug release into the blood or for cellular uptake.
Furthermore, nanocarriers can slowly release the loaded actives which can reduce blood
peaks of the drug and consequently adverse effects [1,23,24].

Nanocarriers can stabilize the active in the gastrointestinal tract and can promote
the tissue diffusion and drug uptake into the blood [14,22,30]. Nanocarriers can also
increase cellular uptake of the drug (Figure 2), which can kill the parasite in a shorter time
compared to the free drug. In addition, nanosystems can accumulate in inflamed tissues,
improving action and effectiveness. The use of nanocarriers for the treatment of Chagas
disease also has some disadvantages, such as the difficulty in large-scale production, since
the production of nanocarriers requires complex processes, which can increase the cost of
treatment. In addition, toxicological and genotoxic studies must be performed to investigate
the risk of human exposure to nanocarriers. The results showed that nanocarriers are also
dose dependent and their effect varies according to the sensitivity of the T. cruzi strain in
relation to the drug [28,30]. The advantages of nanocarriers as drug delivery systems are
real, but there are many challenges to be overcome. It is necessary to evaluate the safety
and efficacy of treatments using nanocarriers and to develop methods to produce them on
an industrial scale to promote clinical studies.

3.2.5. Nanocarriers of Drugs in the Chronic Phase of Chagas Disease

Chagas disease has two phases: acute and chronic. The acute phase exhibits high
numbers of trypomastigotes in the blood and is controlled by the immune system with
the help of drugs. After the acute phase, the parasite continues the life cycle being present
outside and inside host cells. In the chronic phase, parasitemia in the blood is low and
detection is difficult. In addition, the symptoms are not felt for years, but 4 out of 10 patients
develop the chronic phase of Chagas disease. Intracellular amastigotes promote tissue
damage to the heart, esophagus, and colon. Patients die due to heart failure caused by
chronic chagasic cardiomyopathy [37,38].

There are two strategies for targeting nanocarriers to the target site: passive and active
targeting. Both strategies work well for treating tumors and inflamed tissues. Cancer
treatments involving nanocarriers depend on the enhanced permeability and retention
effect (EPR effect). Tumor tissue grows quickly and releases a series of substances capable
of stimulating neoangiogenesis. The vessels grow rapidly in a defective way and present
defects such as holes allowing the passage of nanocarriers from the blood vessel into the
tissue. Nanocarriers in the tissue interstitium can be endocytosed into the cytoplasm of
cells. In active targeting, nanocarriers decorated with targeting molecules pass through
the holes in the vessels and can bind to cells, facilitating the uptake. Inflamed tissues
have permeable blood vessels, and this fact can be used in favor of the passive or active
targeting of nanocarriers [37,39,40]. The use of nanocarriers to target tissue is a success
in the treatment of tumors and inflammation; however, targeting these delivery systems
to cardiac muscle in the chronic phase of Chagas disease is a challenge. Nanocarriers
are effective in transporting drugs to cardiomyocytes when these systems escape from
blood vessels into the interstitium of cardiac tissue. In the interstitium, nanocarriers can
be recognized and taken up by cardiomyocytes by the mechanism of endocytosis, which
is a route to reach the amastigotes. However, the number of amastigotes in cardiac tissue
is small and the tissue lesions are slow. Thus, for every significant piece of damage to the
cardiac tissue caused by amastigotes, local inflammation is established. Initially, inflamed
tissue can facilitate the passage of the nanocarriers to the interstitium, but at the end of the
inflammatory process there is a reduction in local circulation and hypoxia [37]. Thus, there
is probability of success for the nanocarriers to reach cardiomyocytes at the beginning of
the chronic phase or indeterminate phase where blood flow has not yet been compromised.
In the late chronic phase, cardiac tissue has suffered extensive damage, compromising the
blood flow and the effectiveness of nanocarriers.

There are articles published with promising results from the use of drugs encapsulated
in nanocarriers for the treatment of Chagas disease in the chronic phase [7,25,26,30,31]. The
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articles use animal models and, probably, drugs encapsulated in nanocarriers are effective
at the beginning of the chronic phase or indeterminate phase, where circulation in the
cardiac tissue has not been compromised, with the possibility of escape of the nanocarriers
from the blood vessels to the cardiac tissue.

4. Materials and Methods

To prepare this paper, a search of the literature was carried out in the PubMed and
Web of Science scientific databases from January 2012 to May 2023, using the following
combinations of keywords: “Chagas Disease and nanoparticles”, “Trypanosoma cruzi and
nanoparticles” and “Chagas Disease and Trypanosoma cruzi and nanoparticles”. Subse-
quently, the articles found were assessed using the inclusion and exclusion criteria defined
for this review. For the inclusion criteria, the articles considered were those that used
nanocarriers in in vitro and in vivo studies in the search for new ways to improve the
treatment of Chagas disease. According to the exclusion criteria established, review articles,
patents, duplicates, book chapters, conference abstracts, articles published in journals with
an impact factor less than 1.0, articles on vaccines, and articles that deviated from the topic
proposed were excluded. The scoping review was conducted by three individuals to ensure
the quality of study selection. For a better detailing of the search, specific spreadsheets
were prepared using Microsoft Excel (2019) for the in vitro and in vivo assays, for the
composition and physicochemical characterization of the nanostructured systems, as well
as a final evaluation table for each article, regarding the presence of certain items, such
as title appropriate to the content, abstract, contextualization and objective present in the
introduction, ethical statement, study design, complete physicochemical characterization,
size of the nanocarriers, animals, sample size, in vitro and in vivo studies, trypanocidal
effect, statistics, interpretation of the results, limitations, and conclusion.

5. Conclusions

After a detailed analysis, this study showed that using nanocarriers capable of encap-
sulating drugs achieved efficient results in the treatment of the disease. In in vitro assays,
the encapsulated drugs did not lose their trypanocidal activities against the different forms
of T. cruzi. In the tests employed, they were able to reduce cellular toxicity and increase
the selectivity of the drugs against the parasite. With the in vivo studies, carried out with
mice, the tests in both phases of the disease (acute and chronic) showed a reduction in
parasitemia and a high survival and cure rate in the animals with the administration of
much smaller doses when compared to the standard treatment with free BZN. In addition
to healing during the chronic phase, some results with drugs encapsulated in nanocarriers
have shown a reduction in liver toxicity and heart inflammation, which is encouraging
given the lack of treatments available for this clinical condition.

With the increased circulation of drugs provided by the prolonged release and the
possible decrease in adverse effects by reducing the necessary doses, the nanocarriers
showed physiological stability, efficacy, and safety in transporting and delivering drugs to
the target.

The nanotechnological strategies for drug delivery could open a new horizon of clinical
practices for the successful treatment of Chagas disease. One of the strategies, nanoparticles
containing drugs, has shown promising results in inducing the host’s immune response
against the pathogen with few side effects; in addition, it showed promising results in
reducing toxicity, elevating efficacy, and the bioavailability of the active compound against
the pathogen, by prolonging release, thereby increasing the therapeutic index. However,
there is a need for more clinical studies to predict whether the nanoparticles will offer
improved effective antichagasic treatments since the benefits of the nanotechnology for this
disease are excellent in relation to cellular assays which have stimulated the preliminary
animal studies [6,13,37]. Moreover, the unique nanocarrier approved for clinical trials
is liposomal amphotericin B (LAMB) with reasonable anti-T. cruzi activity. From this
perspective, the pre-clinical studies of the nanocarriers containing anti-T. cruzi drugs
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should be encountered, and this situation demands an approach from governmental and
private agencies in conjunction with the pharmaceutical industry focusing on the efficient
implementation of these nanosystems for drug delivery that will elevate the efficacy of
anti-chagasic treatment procedures [6,13].

The limitations of nanocarriers are related to their ability to deliver drugs to tissues
with low blood flow during the chronic phase of the disease. The targeting of nanocarriers
to cardiac muscle in the chronic phase of Chagas disease is a challenge due to tissue fibrosis
and low blood flow.

The results of preclinical studies analyzed by this review were important in the search
for new alternatives for the treatment of Chagas disease. More studies can be carried out so
that the treatment is perfected and can proceed to future clinical studies that may provide
better adherence by the patients.
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Abstract: In biomedical applications, nanomaterial-based delivery vehicles, such as lipid nanoparti-
cles, have emerged as promising instruments for improving the solubility, stability, and encapsulation
of various payloads. This article provides a formal review focusing on the reactogenicity of empty
lipid nanoparticles used as delivery vehicles, specifically emphasizing their application in mRNA-
based therapies. Reactogenicity refers to the adverse immune responses triggered by xenobiotics,
including administered lipid nanoparticles, which can lead to undesirable therapeutic outcomes. The
key components of lipid nanoparticles, which include ionizable lipids and PEG-lipids, have been
identified as significant contributors to their reactogenicity. Therefore, understanding the relation-
ship between lipid nanoparticles, their structural constituents, cytokine production, and resultant
reactogenic outcomes is essential to ensure the safe and effective application of lipid nanoparticles
in mRNA-based therapies. Although efforts have been made to minimize these adverse reactions,
further research and standardization are imperative. By closely monitoring cytokine profiles and
assessing reactogenic manifestations through preclinical and clinical studies, researchers can gain
valuable insights into the reactogenic effects of lipid nanoparticles and develop strategies to mitigate
undesirable reactions. This comprehensive review underscores the importance of investigating lipid
nanoparticle reactogenicity and its implications for the development of mRNA–lipid nanoparticle
therapeutics in various applications beyond vaccine development.

Keywords: empty lipid nanoparticles; reactogenicity; xenobiotics; ionizable lipids

1. Introduction

Nanomaterial-based delivery vehicles are often praised for their ability to encapsu-
late both hydrophobic and hydrophilic payloads, which include small molecule drugs,
imaging agents, and nucleic acids, resulting in their enhanced solubility, extended cir-
culation time, and delayed degradation in the systemic circulation [1]. These properties
make nanomedicines an attractive alternative to traditional therapeutic and diagnostic
modalities, leading to their extensive use clinically and pre-clinically in various biomedical
applications [2]. Extensive research was conducted on the efficacy of lipid nanoparticles
(LNPs) for the delivery of messenger RNA (mRNA) as a vaccination tool for the prevention
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of COVID-19 during the recent pandemic [3–7]. The potential applications of mRNA–LNPs
for non-infectious diseases, including those necessitating protein supplementation or re-
placement therapies, were significantly enhanced by the progress made in this field [8].
These therapeutic interventions apply to a range of disorders, encompassing those linked
to chronic inflammation, such as cancer, autoimmune diseases, cardiovascular disorders,
diabetes, and other conditions. However, caution must be exercised when considering
already reactogenic xenobiotic substances in the presence of pre-existing inflammation.
Such a combination is likely to aggravate the underlying inflammation, hamper therapeutic
mRNA translation, and interfere with the repeated administration of mRNA therapeutics.

Studies on the reactogenicity of mRNA–LNP formulations were conducted by lever-
aging the abundance of data derived from clinical trials of COVID-19 vaccines. Systemic
and local reactogenic symptoms are known to occur after the administration of COVID-19
mRNA vaccines, including formulations developed by Pfizer-BioNTech and Moderna [4,9].
The observed side effects include fever, muscle aches, headaches, fatigue, chills, and pain
at the injection site [3,6,7]. These symptoms are usually mild to moderate in severity
and are more common after the second dose of the vaccine [10]. Individuals with un-
derlying chronic inflammation may be at an increased risk of experiencing severe side
effects from mRNA–LNP-based therapies and may also have a reduced response to the
treatment itself [11]. Furthermore, as shown by COVID-19 vaccine reactogenicity studies,
overactivation of immune responses triggered by mRNA–LNP formulations could lead
to new-onset autoimmune disorders such as autoimmune liver diseases, Guillain–Barré
syndrome, immune thrombotic thrombocytopenia, IgA nephropathy, rheumatoid arthritis,
systemic lupus erythematosus, and others [11–13]. Despite the reported unfavorable out-
comes, research demonstrates that the manifestation of vaccination side effects is linked
to a more robust immune reaction and enhanced protection against COVID-19 [14,15].
However, to guarantee the safety and effectiveness of LNP carrier species for therapeutic
applications beyond vaccines and infectious disease prevention, especially when immune
activation is unnecessary, a thorough investigation of their toxicity and reactogenicity is
indispensable during the formulation development and optimization stages.

The influence of multiple pro-reactogenic elements of mRNA–LNP formulations, such
as ionizable lipids, the polyethylene glycol (PEG) coating, and mRNA cargo, should be stud-
ied with great caution. Extensive investigation concerning mRNA’s reactogenicity, stability,
and translatability creates a favorable environment for the current applications of modified
mRNA in various therapeutic settings [16–18]. For LNP reactogenicity research, the current
focus is now centered on investigating the reactogenic adjuvanticity of LNP formulations
to enhance the immunogenicity of mRNA–LNP vaccine formulations [19]. Although a thor-
ough investigation of the LNP carrier’s reactogenicity is yet to be accomplished, the current
data raise important questions revolving around LNP-associated side effects. For instance,
the use of a greater mRNA–LNP dose in the mRNA-1273 vaccine and different ionizable
lipids used in the formulation are potential explanations for the increased reactogenicity of
mRNA-1273 compared with BNT162b formulations in the Moderna and Pfizer-BioNTech
COVID-19 vaccines, respectively [20,21]. Therefore, further research and standardization
in the area of reactogenic manifestations and their association with the LNP formulations
is necessary to develop effective and safe LNP carrier formulations. By addressing the
issue of reactogenicity, mRNA–LNP therapies hold promise for treating a wide range of
non-infectious diseases, including those associated with chronic inflammation.

This review summarizes the current understanding of the reactogenicity of LNP
carriers, including their potential to exacerbate underlying inflammation, impede the
delivered mRNA translation, and potentially interfere with the repeated administration of
mRNA therapeutics. Addressing a significant gap in the current literature regarding the
reactogenicity of empty LNPs, our review seeks to bridge this critical void by providing a
thorough and comprehensive analysis of the reactogenic manifestations associated with
LNP carriers.
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2. Exploring LNPs as Xenobiotics in Reactogenic Responses

Reactogenicity is a recognized phenomenon that manifests in individuals who are ad-
ministered xenobiotics, which are defined as any foreign substances introduced into the body.
This phenomenon encompasses a range of unfavorable events that may arise due to the
immune system’s response to such substances, including mRNA–LNP formulations, which
are presently employed in COVID-19 vaccines. These reactogenic outcomes in the form of
adverse reactions stem from the immune system’s response to the LNPs themselves rather
than the intended antigen of the vaccine. Although immunogenicity is an anticipated feature
of LNP-based vaccines, the reactogenicity of mRNA–LNPs leads to undesirable therapeutic
outcomes and unfavorable effects such as pain, fever, chills, and fatigue [4,9,22–24].

Studies are underway to evaluate the reactogenicity of LNPs and their structural
components (Table 1) independently of the intended cargo. The typical composition of LNP
carriers consists of ionizable lipids, helper lipids, such as distearoylphosphatidylcholine
(DSPC), as well as cholesterol and PEG-lipids (Figure 1) [25]. Ionizable lipids are key
components of LNPs, as they provide the positive charge that facilitates the encapsulation
of negatively charged nucleic acids [26]. Helper lipids, such as DSPC, are often used to
optimize the biophysical properties of LNPs. Helper lipids can enhance the stability of the
LNP formulation and promote cellular uptake and endosomal escape of nanoparticles [27].
Cholesterol is another essential component of LNPs, as it also influences the biophysical
properties of the LNP formulation. The presence of cholesterol within the LNP membrane
can enhance its fluidity, thereby promoting the efficient release of nucleic acids from the
LNP and facilitating their uptake by cells via enhanced fusogenicity [28]. Lastly, the incor-
poration of PEG-lipids into LNP formulations serves to augment their stability, decrease the
activation of phagocytic immune cells, and enhance their pharmacokinetic properties [26].
In the process of LNP self-assembly, PEG-lipids assume a crucial role by creating a hy-
drophilic steric barrier through the formation of PEG chains on the LNP surface [29]. Van
der Waals forces between the hydrocarbon chains of DSPE, PEG-lipids, and cholesterol
molecules are essential for holding the LNPs together and maintaining their structural
integrity [30]. The collective result is the formation of a PEG layer around the intact LNP,
with the PEG chains protruding from the particle’s surface. This arrangement enhances
the stability and integrity of the LNP structure, contributing to its overall functionality
and effectiveness as a delivery vehicle. Hence, the incorporation of PEG-lipids to create a
protective layer around the LNP serves to minimize its recognition by the immune system
and enhances its in vivo circulation time. However, it is important to note that PEG-lipid
incorporation can also lead to an increase in the immunogenicity of the formulation [31].
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lipids, helper lipids such as distearoylphosphatidylcholine (DSPC), cholesterol, and polyethylene glycol
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(PEG)-conjugated lipids. Among these components, ionizable lipids and PEG-lipids are the most
reactogenic species, posing potential risks for unfavorable immune stimulation and adverse effects.
PEG-lipids assume a significant role in LNP self-assembly, creating a hydrophilic steric barrier with
protruding PEG chains surrounding the particle, while ionizable lipids bind to the nucleic acid
payload through electrostatic interactions.

Table 1. Key building blocks of representative FDA-approved mRNA–LNP formulations.

Category Common Name IUPAC
Name Chemical Structure

Ionizable
Lipid Dlin-MC3-DMA a

(6Z,9Z,28Z,31Z)-6,9,28,31-
Heptatriacontatetraen-19-yl
4-(dimethylamino)butanoate
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Among the components of LNP platforms, ionizable lipids and PEG-lipids are rec-
ognized as the most reactogenic elements [32]. Ionizable lipids such as Dlin-MC3-DMA
(hereafter referred to as MC3), initially introduced in the therapeutic Onpattro (patirisan);
SM-102, employed in the Moderna COVID-19 vaccine; and ALC-0315, utilized in the
Pfizer-BioNTech COVID-19 vaccine are frequently evaluated and contrasted based on their
reactogenicity and immunogenicity profiles, especially in the context of their implementa-
tion in vaccines (Table 1) [33–35]. Ionizable lipids are cationic at low pH and play a crucial
role in encapsulating nucleic acids and promoting endosomal escape with the efficient
release of cargo into the cytosol [34]. However, their positive charge can also interact with
negatively charged endosomal membranes or proteins, resulting in cellular damage and
undesired immune activation. Additionally, incorporating PEG-lipids into LNPs to enhance
their stability, evade immune cell recognition, and impede opsonization by complement
effector molecules can potentially lead to undesirable consequences. These may include
the production of anti-PEG antibodies or the accumulation of PEG in various organs and
tissues [31]. Importantly, the molecular weight of PEG was shown to play a crucial role
in both the production of anti-PEG antibodies and their binding to the PEG moieties. A
reduction in anti-PEG IgM formation was observed in mice when treated with LNPs con-
jugated to a fast-shedding PEG-lipid with short acyl chains, and hence lower molecular
weight, in comparison with LNPs conjugated to a slow-shedding PEG-lipid with long acyl
chains [36]. Moreover, the pretreatment of mice with slow-shedding PEG-containing LNPs
resulted in the suboptimal performance of LNP formulations containing nucleic acids [36].
Interestingly, the administration of high-molecular-weight PEG as a pre-treatment in mice,
before introducing PEGylated liposomal formulation, effectively sequestered the existing
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pool of anti-PEG antibodies [37]. The decrease in available anti-PEG antibodies enabled
the prolonged circulation of PEGylated liposomes, avoiding the induction of accelerated
clearance and preserving their efficacy. Additionally, PEG with a molecular weight of
2000 Da and larger exhibited the highest affinity for binding anti-PEG antibodies [38].

Therefore, it can be inferred that LNPs themselves, independently of their cargo,
possess structural components capable of inducing reactogenic and immunogenic responses.
However, evaluating the reactogenicity of individual components of LNP carriers (hereafter
referred to as empty LNPs, eLNPs) in isolation is often challenging due to the integral
role played by the assembled eLNPs in delivering nucleic acids and the hydrophobicity
of separate eLNP components. As such, the comprehensive assessment of the safety and
efficacy of the assembled product usually requires an evaluation of the reactogenicity of
the intact eLNP platform independently of the intended cargo.

When conducting studies that include reactogenic profiling of mRNA–LNP formula-
tions, researchers use multiple controls beyond the eLNP carriers. These include phosphate-
buffered saline, placebo mRNA–LNPs incorporating luciferase or GFP mRNA, diluents, or
naked nucleic acids [39–44]. Although LNPs are frequently employed as carriers for mRNA,
utilizing eLNPs as a control for comparing their reactogenic effects to mRNA-loaded LNPs
and attempting to separate their reactogenic profiles may not always yield optimal results.
This is due to the possibility that eLNPs differ from mRNA-loaded LNPs in their size, com-
position, surface interactions, and fusibility potential. The molar ratio of PEG-lipids, the
lipid-to-mRNA mass ratio, and the N/P ratio (representing the positively charged nitrogen
of ionizable lipids and the negatively charged phosphates of nucleic acids) are critical fac-
tors that influence the ultimate composition of LNPs containing ionizable lipids for mRNA
complexation [45]. eLNPs with an altered concentration of helper lipids and interference
from ionizable lipids on the surface often display variations in their physicochemical and
biological properties compared with mRNA-loaded LNPs, including a positive surface
charge, increased splitting dynamics, and a modified protein corona composition [45].
Consequently, eLNPs may display different organ tropism as a result of their differential
interaction with homing proteins, such as ApoE, compared with mRNA-loaded LNPs [45].
This, in turn, may augment the local and systemic eLNP reactogenicity.

Considering the major concerns surrounding the reactogenicity of eLNPs and their
components, various efforts are underway to develop alternative lipid formulations that
can minimize their adverse effects, while still maintaining the desirable properties of
LNP platforms. It can be asserted with a high degree of confidence that, at present, the
process of constructing LNPs entails adhering to comparable protocols with the primary
variance arising from the application of different ionizable lipids (Table 1) but following
similar LNP composition ratios (Table 2). For instance, the currently approved mRNA–LNP
vaccines demonstrate a commonality in their structural compositions (Table 1). These
compositions encompass a diverse range of ionizable lipids, each unique to the specific
vaccine formulation, alongside the inclusion of diverse PEGylated lipids. Although the
ionizable lipids utilized in each vaccine formulation differ, they all share certain structural
features. These structural similarities, such as the amino-alcohol head group and branched
hydrocarbon lipid tails characterized by ester linkages, contribute to the stability, mRNA
encapsulation efficiency, and facilitation of cellular uptake of mRNA–LNP vaccines.

Despite the development of new formulations, the current Food and Drug Adminis-
tration (FDA)-approved LNP platforms and their modified versions, which employ similar
structural components, continue to serve as the established standard for delivering nucleic
acids. Consequently, a comprehensive evaluation of their reactogenicity is imperative to
expand the scope of their clinical applications. In light of this, it is essential to note that
there are different types of reactogenicity assessments that can be used to evaluate the
safety and efficacy of LNP-based therapies.
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Table 2. eLNP composition and doses utilized in reactogenicity studies.

Reference eLNP Composition Ionizable Lipid eLNP Dose

[46] IL: DSPC: cholesterol: PEG-lipid at a
molar ratio of 50:10:38.5:1 MC3 and YK009

Not provided; mRNA–LNP dose was
equivalent to 10 µg mRNA

administered via the IM, SQ, or ID
routes

[23]
IL: phosphatidylcholine: cholesterol:

PEG-lipid at a molar ratio of
50:10:38.5:1.5 as described in [47]

IL under US10221127B2
patent (Acuitas Therapeutics)

10 µg administered in 4 spots, 2.5
µg/spot, ID, and IV; 10 µg

administered IN

[48]

Valera LLC, a Moderna Therapeutics
Venture, supplied all vaccines. In-house

formulation: IL: DSPC: cholesterol:
PEG-lipid: GLA at a molar ratio of

50:9.83:38.5:1.5:0.17

Not discussed 50 µg administered per site, injected ID

[49] IL: DSPC: cholesterol: PEG-lipid at a
molar ratio of 50:10:38.5:1.5 MC3 ionizable lipid Equivalent to 0.3 mg/kg mRNA–LNP

dose, injected IV

[50]
IL: DSPC: cholesterol: PEG-lipid at a

molar ratio of 55:10:32.5:2.5 as
described in [51]

IL under US10221127B2
patent (Acuitas Therapeutics)

Equivalent to 5 µg/mL total lipids or
~7.5 µg/mL ionizable lipids;
eLNP used in in vitro study

[52] The LNP formulation used in this study
is proprietary to Acuitas Therapeutics

IL under US10221127 patent
(Acuitas Therapeutics)

Total lipid content: 900 µg; equivalent
to the lipid content of 30 µg

mRNA-LNP ID and IV

[53]

IL: DSPC: cholesterol: PEG-lipid at a
molar ratio of 50:20:28:2 for the MC3 or

50:10:38.5:1.5 for the SM-102
formulations

MC3 and SM-102 eLNP doses are not provided; eLNP
injected IV

[54]

IL: phosphatidylcholine: cholesterol:
PEG-lipid at a molar ratio of

50:10:38.5:1.5 mol/mol) as described in
[47,55]

IL under US10221127 patent
(Acuitas Therapeutics)

Equivalent to the lipid content of 2.5 µg
mRNA-LNP injected ID

[56] IL: DSPC: cholesterol: PEG-lipid at a
molar ratio of 50:10:38.5:1.5 MC3 and C12-200 2 mg/kg lipids or dose equivalent to

0.32 mg mRNA/kg, injected IV

IL = ionizable lipid; Distearoylphosphatidylcholine = DSPC; ID = intradermally; IV = intravenously;
IM = intramuscularly; SQ = subcutaneously; IN = intranasally.

3. Assessment of Reactogenic Manifestations Following LNP Administration

Evaluation of reactogenicity is a crucial component of preclinical safety studies for
LNP formulations. Assessing reactogenicity can be carried out in several ways, depending
on the administered formulation and the specific adverse events. While the assessment
of reactogenicity in human subjects mainly involves evaluating the frequency and sever-
ity of local and systemic reactions, as well as monitoring for severe adverse events such
as anaphylaxis, preclinical studies involving animal models typically employ a range of
approaches. The employed methodologies in animal models encompass behavioral ob-
servations, hematological, immunological and biochemical analyses, histopathological
examinations, and measurements of specific pro-inflammatory markers through immuno-
histochemistry and gene expression assays (Figure 2). The comprehensive utilization of
these methods facilitates a more thorough understanding of the reactogenic manifestations
associated with administered formulations.

Behavioral observation involves monitoring mice for signs of reactogenicity or toxicity,
such as changes in food-motivated behavior, activity level, grooming, and respiratory
distress. Food intake and body weight are essential parameters often closely examined
in preclinical studies. Changes in these parameters provide valuable insights into the
overall health of the animals and serve as early indicators of potential reactogenicity to
xenobiotics. Therefore, in this review, food intake and body weight will be discussed
further as important indicators of reactogenicity in mice.
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Figure 2. Methodological approaches for investigating reactogenic manifestations in animal models:
By integrating different methodologies, such as behavioral observations, histopathological studies,
and hematological, biochemical and inflammation analyses, a more comprehensive understanding of
the cause-and-effect relationship between treatments and reactogenic manifestations can be achieved,
aiding in the development of improved LNP platforms.

The hematological analysis focuses on assessing blood samples for parameters such as
platelet, white blood cell (WBC), and red blood cell (RBC) counts (i.e., complete blood
count (CBC) with differential), hemoglobin concentration, and RBC characteristics. For
instance, in rats and monkeys treated with MC3 eLNPs, no change was observed in
RBC counts, hemoglobin, hematocrit, and RBC distribution width compared with PBS
administration [49]. However, an increase in all these parameters was observed in response
to mRNA-loaded LNPs. Additionally, rats exhibited a systemic increase in total WBC
count resulting from mRNA-LNP treatment but not from MC3 eLNPs [49]. The systemic
increase in WBCs found in that study mirrored the increasing mRNA concentration per
administered dose. Interestingly, despite greater WBC counts in the mRNA-LNP treatment
group, neutrophils and monocytes were increased in both the mRNA–LNP and MC3
eLNP treatment groups [49]. A transient increase in monocytes and neutrophils in the
MC3 eLNP treatment group was observed for a shorter period (specifically, at day 9 post-
administration), in comparison with mRNA–LNP treatment groups, where this increase
was sustained (up to day 16 post-administration) [49].

In addition to CBC with differential, immunological investigations, including immune
profiling and complement activation studies, play a crucial role in identifying specific
components or characteristics of eLNPs that contribute to their reactogenic properties.
Despite the absence of specific studies examining the activation of complement by eLNPs,
ample evidence exists regarding complement activation through classical, mannose-binding
lectin, and properdin-mediated pathways involving liposomes [57–61]. The activation of
the complement cascade can occur through the recognition of structural components of
liposomes or antibodies that target these components on the liposomal surface, including
cholesterol, PEG, or structural lipids [62–64]. Additionally, the complement cascade can be
initiated by the interactions of specific proteins that form the protein corona surrounding
nanoparticles [61,65].

In addition to hematological and immunological assessment, blood samples for reac-
togenic studies can be evaluated for biochemical parameters, including liver enzymes, kidney
function, and electrolyte balance. The most common biochemical approach utilized to
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assess systemic reactogenicity in animal models involves the evaluation of hepatic and
renal function, as these organs are integral to the metabolism and elimination of foreign
substances, including nanoparticles [66]. Exposure to reactogenic substances can result
in liver or kidney damage, which is generally reflected by changes in the level of liver
enzymes such as alanine and aspartate aminotransferases (AST, ALT) or by changes in
markers of renal function, such as increased blood urea nitrogen (BUN) or plasma creati-
nine levels [67,68]. For instance, AST (but not ALT or alkaline phosphatase) was the only
parameter significantly elevated in mice after MC3 eLNPs administration compared with
placebo treatment [46]. In rats, the same type of eLNP containing MC3 ionizable lipids
increased AST and ALT levels. Moreover, these parameters were increased to the same
extent in the rats treated with the highest dose of the mRNA–LNP under investigation [49].

In addition to systemic manifestation, administration of eLNPs also yields local re-
actogenic reactions. Rodents typically manifest edema, redness, and infiltration of innate
immune cells at the injection site. Additionally, innate immune cell infiltration is observed
in organs penetrated by LNP-based formulations, such as the lung in studies with in-
tranasal drug administration, mirroring similar responses observed in humans [23,49]. To
evaluate the impact of xenobiotics on affected tissues, reactogenicity studies employ an
assessment method involving histopathological examination, which entails the collection and
microscopic analysis of tissue samples from various organs for signs of tissue damage,
inflammation, or immune cell infiltration. For instance, histopathological assessment of
liver samples showed that MC3 eLNPs induced individual cell necrosis in the livers of
rats [49]. Similarly, histopathological approaches are employed to assess the infiltration of
immune cells into organs and tissues. In mice, injection-site immune cell infiltrates consist
of neutrophils, macrophages, and dendritic cells, and demonstrate the localized release of
chemokines in response to eLNPs [23]. The intranasal delivery of labeled LNPs resulted
in leukocytic infiltration of lung tissues, with a predominant presence of neutrophils and
eosinophils [23]. Additionally, in rhesus macaques, injections with eLNPs and, to a greater
extent, mRNA-loaded LNPs led to CD45-positive cell infiltration that denotes non-specific
infiltration with hematopoietic cells [48]. Liang et al. also reported that neutrophil and
monocyte infiltration in rhesus macaques was similar for mRNA-loaded LNP and eLNP
treatments, regardless of administration route, when intramuscular and intradermal routes
of injection were compared from immunogenic and reactogenic perspectives [48].

Finally, the assessment of pro-inflammatory effector molecules released in response to
eLNP administration encompasses a range of studies targeting inflammation that include a
wide array of methodologies, including ELISA, flow cytometry, cytokine profiling, quan-
titative PCR, and microarray analysis. Specifically, chemokine and cytokine expression
studies can provide valuable insights into the reactogenicity pathways of eLNPs as a
drug delivery system. For instance, the expression of chemokines at the injection site is
known to facilitate the trafficking and recruitment of more circulating innate immune
cells to the site of active inflammation [69]. Specifically, eLNPs induce the local release of
multiple chemokines, including CCL2, CCL3, CCL4, CCL7, CCL12, CXCL1, and CXCL2,
that further attract macrophages and monocytes [23]. The potent chemokine CCL2 is also
overexpressed by monocytes in response to Acuitas eLNP administration in human periph-
eral blood mononuclear cells (PBMCs) ex vivo [50]. Collectively, eLNP carriers devoid of
payload elicit the recruitment of monocytes and neutrophils, which subsequently amplify
this cascade through the local expression of multiple effector molecules. However, eLNP
administration elicits a response of shorter duration when contrasted with mRNA-loaded
LNP treatments [49]. Our observation further suggests that this disparity may stem from
the unique molecular-level responses to mRNA payloads and eLNP carriers, which can be
recognized as danger- (DAMPs) or pathogen-associated molecular patterns (PAMPs).

4. Cellular and Molecular Responses to LNP Carriers

Within the intricate landscape of molecular interactions involving LNPs, innate im-
mune cells emerge as the primary first responders to these therapeutics. Among these
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cellular “arenas”, macrophages and neutrophils take center stage as pivotal participants
in the dynamic interplay with LNP-based therapies. Employing complex molecular pro-
cesses, innate immune cells orchestrate a series of reactions that significantly impact the
efficacy and safety of LNP formulations. Neutrophils play a critical role in the initiation of
acute inflammation and are among the earliest immune cells to be recruited into tissues
during such inflammatory processes [70]. Functioning as polymorphonuclear cells, they
demonstrate remarkable versatility and contribute significantly to the innate immune re-
sponse against invading pathogens and tissue damage [71]. Their rapid mobilization to
inflamed sites is regulated by a diverse array of signaling molecules, including chemokines
and cytokines, which guide their directed migration from the bloodstream to the sites of
tissue inflammation [72–74]. Neutrophils interact with different nanoparticles, including
LNPs and cationic liposomes [75–78]. Studies reveal that the surface characteristics of
lipid-containing nanoparticles, such as PEG density and surface charge, play a pivotal role
in modulating the neutrophils’ capacity to internalize LNPs [76,78]. Monocytes, the second
most abundant cell type responding to LNPs, assume an important role in the context
of tissue inflammation. This significance is attributed to their selective recruitment and
guided migration into inflamed tissues, which is regulated by an array of inflammatory
mediators encompassing cytokines, chemokines, and complement effector molecules [69].
Such an extravasation mechanism enables monocytes to actively participate in immune
surveillance and host defense, as they engage with inflamed tissues to facilitate pathogen
clearance, tissue repair, and the maintenance of tissue homeostasis [79,80]. Monocytes
demonstrate proficient phagocytic capabilities and are equipped with pattern recognition
receptors (PRRs), enabling them to actively interact with microbial pathogens, cellular
debris, and diverse xenobiotics [81]. Macrophages are also widely recognized to be one
of the initial and principal cell types responsible for nanoparticle processing [82]. As
nanoparticles interact with the bloodstream, they become coated with opsonins, such as
antibodies to PEG or complement effector molecules, which mark them for recognition by
the mononuclear phagocytic system [82]. The mononuclear phagocytic system, including
monocytes and macrophages, identifies opsonized nanoparticles, facilitating their efficient
uptake and clearance from circulation [83–85]. This finely tuned process is essential for
the immune surveillance and removal of foreign particles, contributing significantly to the
body’s defense against potential threats posed by xenobiotics in the bloodstream.

Hematologic studies revealed that the administration of LNP formulations, including
eLNPs, leads to a systemic increase in WBC levels. However, a more comprehensive
understanding of the biological responses to these formulations can be gained by focusing
on the innate immune cells’ reactions at the immediate site of administration. For instance,
regardless of the eLNP administration mode, be it intravenous (IV), intramuscular (IM),
intradermal (ID), or intranasal (IN), the cellular administration sites undergo infiltration by
diverse innate immune cells. Among these cellular constituents, neutrophils, monocytes,
macrophages, and, to a lesser extent, eosinophils and dendritic cells are identified as the
predominant species in areas of infiltration [23,48,50]. This infiltration pattern highlights
the robust and multifaceted response of the innate immune system to the presence of
administered LNPs and signifies the importance of understanding the specific roles played
by these immune cells. Furthermore, a localized approach that defines innate immune cell
populations offers a comprehensive view of the early molecular events and interactions
that shape the subsequent immune responses, thereby facilitating the development and
optimization of LNP-based therapies.

The broad and diverse molecular pathways that underlie eLNP-related reactogenic
manifestations as part of DAMP- and PAMP-mediated signaling involve the activation
of toll-like receptors (TLRs), primarily TLR4 and TLR2 [50,86]. The interactions between
eLNPs and TLRs are studied using downstream effectors and adaptor proteins that facilitate
further signal transduction. Signal transduction from TLR4 and TLR2 necessitates the
presence of the myeloid differentiation primary response 88 (MyD88) adaptor protein,
which is essential for downstream signaling [87]. Additionally, some TLRs, such as TLR4,
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are known to modify their homophilic interactions with adjacent adaptor proteins based
on the acidity of the local environment [87,88]. When TLR4 is internalized along with
the forming endosome, the decrease in endosomal pH influences the exchange of the
MyD88 adaptor protein for the TIR-domain-containing adaptor-inducing interferon-β
(TRIF) adaptor protein [89]. It remains unclear which component of the LNP construct
or its protein corona is responsible for TLR ligation, and it is also unknown whether the
ligation occurs on the plasma membrane, where TLR4 associates with MyD88, or in the
endosome, where TLR4 associates with TRIF for further signal transduction. Furthermore,
TLR ligation can be facilitated in the endosome by both LNP surface structures and released
LNP components (Figure 3). The acidification of the endosomal environment as endosomes
undergo maturation induces the degradation of LNPs, releasing ionizable lipids from the
LNP core [90,91]. In the case of LNP-mediated cargo delivery, this conversion occurs during
the LNP processing within the endosomal compartment, followed by their escape from
the endosomes to facilitate the release of their cargo into the cytosol. It is facilitated by
the interactions between the surface of LNPs and the negatively charged membrane of
the endosomes in addition to the decrease in ambient pH or by the action of helper lipids
or cholesterol or its derivatives [92,93]. Apart from the destabilization of the endosomal
membrane caused by LNPs, additional factors, such as the elevation of osmotic pressure
or the swelling of particles within the endosome, can contribute to the facilitation of LNP
disintegration and subsequent escape from the endosomes [91]. This process allows for the
liberation of LNP contents into the cytosol, inevitably compromising the integrity of the
intact particles.
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Figure 3. TLR4 signal propagation mediated by MyD88 and TRIF adaptor proteins: Converging
pathways involving MyD88 and TRIF adaptors activate the cytokines TNF-α, IL-6, and IL-1β through
nuclear translocation of the NF-κB, IRF3, and IRF7 transcription factors. Positive feedback loops
and type I interferons enhance cytokine expression, activating additional pro-inflammatory effectors,
and inducing cessation of mRNA expression. Complement cascade activation exacerbates cytokine-
dependent reactogenicity, with C5a and C3a promoting inflammation via their receptors. TLR4 and
C3aR/C5aR activation converge on MAPKs, increasing cytokine production by APCs.
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Considering that TLR signaling, specifically TLR4-dependent signal propagation, can
be categorized into two main pathways, namely MyD88- and TRIF- facilitated pathways
(refer to Figure 3), it is crucial to employ both adaptor proteins in reactogenicity stud-
ies and to investigate their involvement in the eLNP-mediated induction of reactogenic
manifestations. Therefore, considering the involvement of these proteins in propagating
pro-inflammatory signals, researchers utilized genetic ablation approaches such as MyD88
and TRIF knock-out (KO) mouse models to investigate the impact of eLNPs on TLR re-
ceptors. For instance, MyD88 KO mice showed no response to empty LNPs in terms of
follicular T-helper and germinal center B-cell upregulation, indicating that the adjuvant
properties and, possibly, the reactogenicity of eLNPs rely on signal transduction via MyD88
adaptors [52]. Moreover, the convergence of signaling pathways dependent on MyD88
and TRIF adaptors results in the activation of a common set of cytokines, namely tumor
necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and interleukin 1 β (IL-1β). This acti-
vation occurs through the induction of nuclear translocation of transcription factors such
as nuclear factor-kappa B (NF-κB) and interferon regulatory factors 3 (IRF3) and 7 (IRF7).
The expression of these cytokines is further enhanced by positive feedback loops involving
type I interferons and interferon-stimulated gene factors (ISGFs) (Figure 3). Consequently,
this amplification of cytokine expression leads to the activation of additional effectors,
ultimately resulting in the global cessation of mRNA expression and the maturation of
cytokines such as IL-1β that is associated with physiological reactogenic responses such
as fever and painful sensations. Importantly, within the context of investigations concern-
ing MyD88 and TRIF adaptors in LNP reactogenicity studies, mice with a dual knockout
of MyD88 and TRIF exhibited reduced expression of downstream effectors, specifically
TNF-α and IL-6, in comparison with wild-type (WT) mice when exposed to mRNA-loaded
LNPs [94]. The study has a limitation from the perspective of reactogenicity investigations
in that it did not distinguish between the effects of mRNA-loaded LNPs and empty LNPs
on the MyD88/TRIF dual KO model. This is further complicated by the fact that both
TRIF and MyD88 proteins also function as adaptors to TLRs that detect nucleic acids,
such as TLR3, which recognizes double-stranded RNA (dsRNA) molecules as PAMPs and
DAMPs [95]. Moreover, the MyD88 adaptor is involved in signal transduction from TLR7
that is activated by single-stranded RNA (ssRNA) [89]. As such, it is unclear whether the
observed response is due to the nucleic acid payload or the LNP carrier or both. A further
puzzle that arises in the decoding of reactogenicity of mRNA-loaded LNPs and eLNPs is
that both the induction of TLRs by nucleic acids and eLNPs result in the expression of a
similar subset of cytokines and chemokines involved in reactogenic symptoms. Addition-
ally, multiple positive feedback loops and feeder pathways can exacerbate the expression
of reactogenicity-related effectors.

Cytokine-dependent reactogenic manifestation can be exacerbated following comple-
ment cascade activation, where pro-inflammatory effects of complement effector molecules
acting on their respective receptors result in the upregulation of IL-6, TNF-α, and IL-1β
expression (Figure 3). The anaphylatoxins, C5a and C3a, are produced through prote-
olytic processes during the complement cascade activation, which involves the previously
mentioned liposome-dependent activation of the classical, mannose-binding lectin, and
properdin-mediated complement pathways [57–61,96]. The administration of LNPs pos-
sibly results in similar activation patterns, resulting in the generation of C3a and C5a
effectors through the action of proteolytic convertases [97,98]. While functioning as ana-
phylatoxins, attracting innate and adaptive immune cells, and promoting the maturation of
adaptive immune cells, C3a and C5a also interact with the C3a receptor (C3aR) and the
C5a receptor (C5aR), propagating and amplifying the TLR-dependent inflammatory cas-
cade [99–105]. For instance, the activation of TLR4 and C3aR/C5aR converges to the same
mitogen-activated protein kinases (MAPKs), leading to the nuclear translocation of NF-κB,
which results in a significant upregulation of IL-6, TNF-α, and IL-1β by antigen-presenting
cells (APCs) [106,107].
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5. Enhanced Cytokine Gene Expression in Response to eLNP Administration

Reactogenic symptoms such as fever, chills, and localized inflammation at the injection
site of the LNP-based vaccines are known to be driven by cytokine expression in the resident
and migratory immune cells attracted to the injection site [108]. Recent research shed light
on the mechanisms underlying these reactogenic manifestations, revealing that they are
driven by certain cytokines, including IL-6, IL-1β, and TNF-α [109]. These cytokines are
part of the body’s natural immune response and are responsible for inducing inflammation
and fever, which help to mobilize the immune system to fight off the perceived target
pathogen. The regulation of pro-inflammatory cytokine expression is tightly controlled by
the previously mentioned transcription factors NF-κB, IRF3, and IRF7, which play crucial
roles in the molecular mechanism of acute and chronic inflammation (Figure 4) [110,111].
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Figure 4. Integration of TLR4 signaling, inflammasome activation, and complement anaphylatoxin
receptors in cytokine regulation: Upon TLR4 stimulation on the plasma membrane, a MyD88-dependent
pathway is initiated, leading to the phosphorylation of interleukin-1 receptor-associated kinases (IRAKs),
particularly IRAK1 and IRAK4. The recruited TNF-Receptor-Associated Factor 6 (TRAF6) undergoes
ubiquitination, facilitating the formation of polyubiquitin chains that recruit transforming growth factor-
β-activated kinase 1 (TAK1), TGF-beta-activated kinase 1 (MAP3K7), binding protein 1/2/3 (TAB 1/2/3),
and inhibitor of nuclear factor-κB kinases (IKKs). These molecules are crucial for activating NF-κB
and mitogen-activated protein kinase (MAPK) signaling. NF-κB translocates to the nucleus, acting
as a transcription factor for pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, signifying
completion of the “early phase” of NF-κB activation. Activation of TLR4 in the endosome triggers a
TRIF-dependent pathway, where translocating chain-associating membrane protein (TRAM) serves as an
adaptor molecule connecting TLR4 and TRIF. TRAF6, recruited via TRIF, undergoes ubiquitination and
interacts with receptor-interacting serine/threonine-protein kinase 1 (RIP1), facilitating the recruitment
and activation of IKK for the “late phase” of NF-κB activation. Regardless of MyD88 or TRIF dependence,
TLR activation induces NF-κB nuclear translocation, resulting in the expression of cytokines such as
TNF-α, IL-6, IL-1β, and others, with temporal variations. Additionally, TNF-Receptor-Associated
Factor 3 (TRAF3) interacts with TRIF and recruits TANK-binding kinase 1 protein (TBK1) and IκB
kinase epsilon (IKKε) kinase, which phosphorylate and activate IRF3/7. IRF3/7 translocates to the
nucleus, promoting the expression of type I interferons. Post-translational modifications are necessary to
activate pro-IL-1β, with caspase-1 and apoptosis-associated speck-like protein containing CARD (ASC)
adaptor activation by the NOD-, LRR-, and pyrin-domain-containing protein 3 (NLRP3) inflammasome
complex playing a key role in this process. TRAF3, through IKKε and TBK1, can interact with NLRP3
inflammasome components in certain cellular contexts. Activated IL-1β, via interaction with IL-1R,
can upregulate NF-κB nuclear translocation via a MyD88-dependent mechanism. Furthermore, C3aR
and C5aR receptors ligated by C3a and C5a complement anaphylatoxins, lead to activation of the
AP-1 and NF-κB transcription factors, either by interacting with MAPKs or IKKs, further propagating
pro-inflammatory cytokine expression.
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The activation of transcription factors IRF3/7 is governed by the TRIF-dependent sig-
naling via TLR4 upon ligation by eLNPs and via TLR3 upon ligation by dsRNA structures
as integral components of secondary mRNA confirmations. [50,112,113]. The activation
through the phosphorylation and subsequent nuclear translocation of IRF3/7 results in
the expression of interferon β (IFN-β) and interferon-stimulated genes factors (ISGFs).
Moreover, TLR stimulation with the subsequent MyD88-dependent signal transduction
results in the expression and phosphorylation of another transcription factor, NF-κB, in-
dicating the initiation of the “early” NF-κB pathway [114]. The phosphorylated NF-κB
protein translocates to the nucleus, where it acts as a transcription factor to regulate the
expression of pro-inflammatory effector molecules, including TNF-α, IL-1β, and IL-6 [110].
Together with IRF activation, the TRIF-dependent signaling pathway also guides the “late”
activation of NF-κB, further emphasizing the convergence of TRIF- and MyD88-dependent
pathways [114]. The converging nature of these pathways is elucidated in Figure 4. Overall,
the pathway involving TLR activation leading to NF-κB nuclear translocation, regardless
of whether it is MyD88- or TRIF-dependent, leads to the expression of cytokines such as
TNF-α, IL-6, interleukin 8 (IL-8), IL-1β, and others, although the timing of their expression
differs. In this context, the mechanism of transcriptional activation of IL-1β is somewhat
complicated, because the interleukin-1 receptor (IL-1R) requires MyD88 as an adaptor
molecule to transmit signals following IL-1R ligation by IL-1β (Figure 4) [115]. Therefore,
the expression of IL1β in cells and tissues that encounter eLNPs presents the challenge of
how the initial TLR-dependent expression of IL1β can be distinguished from its subsequent
expression that is self-potentiated by IL-1β binding to IL-1R. Furthermore, at the protein
level, post-translational modifications are necessary to activate the precursor of IL-1β,
pro-IL-1β, and release the mature, biologically active form of IL-1β. Proteolytic activation
of IL-1β is induced by the enzyme caspase-1 that is activated by the multi-protein complex
inflammasome, NLRP3, which is assembled in response to TLR activation (Figure 4) [116].
Once activated, caspase-1 cleaves pro-IL-1β into its mature, active IL-1β form, which can
then be secreted by the cell to exert its pro-inflammatory effects. In summary, the ligation of
TLRs with the subsequent activation of different signaling pathways leads to the expression
and post-translational activation of cytokines, including IFN-β, IL-6, TNF-α, and IL-1β,
which are commonly used as outcome measures to study eLNP-induced reactogenicity.

The upregulation of pro-inflammatory cytokines in response to eLNP treatment has
been studied in both ex vitro experiments and in vivo murine studies, with results showing
increased expression over time and across different proprietary lipid formulations. eLNPs
containing Acuitas’ proprietary lipids were assessed in ex vitro experiments with human
PBMCs and in in vivo murine studies [50,52]. Expression of IL-1β and IL-6 was upregulated
in monocytes and increased in a time-dependent manner after treatment with eLNPs [50].
Furthermore, Tahtinen et al. and Alameh et al. showed that the eLNPs containing SM-102
utilized in the Moderna COVID-19 vaccine and eLNPs containing the Alnylam ionizable
lipid led to an increase in IL-1β levels in purified monocytes and draining lymph node
lysate, respectively [52,53]. Levels of IL-1β and IL-6 were also increased in the sera of
mice treated with eLNPs containing the MC3 and YK009 ionizable lipids compared with a
control group treated with phosphate-buffered saline (PBS) [46]. Furthermore, serum TNF-
α in this study was higher in mice treated with MC3 eLNPs than with mRNA-containing
MC3 LNPs in the first 6 h post-treatment, although no information was provided about
dosing considerations of eLNPs in comparison with mRNA–LNPs [46]. Interestingly, in
contrast to TNF-α, levels of both IL-1β and IL-6 were increased in the eLNP treatment
group, similarly to the mRNA-loaded LNP treatment group [46]. Parhiz et al. also found
that MC3 eLNPs upregulated serum IL-6 in mice but were less reactogenic in terms of IL-6
levels compared with C12-200 ionizable-lipid-containing eLNPs [56]. In contrast, Tahtinen
et al. reported that MC3 eLNPs did not change IL-1β levels; however, the doses of eLNPs
administered to the mice were not reported in the study [53]. Sedic et al. found no change
in IL-6 and TNF-α expression in rats subjected to MC3 eLNPs in comparison with the
control group [49].
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Despite the limited availability of data concerning eLNP reactogenicity in inflamed
tissues, there is evidence indicating that pre-treatment with lipopolysaccharide (LPS), which is
known to induce a TLR4-dependent innate immune response and acute inflammation, exacer-
bates existing inflammation following subsequent eLNP administration [56]. The exacerbation
of inflammation induced by LPS may arise from various factors, such as heightened eLNP
internalization or the self-potentiation of chemokine and cytokine expression via parallel or
converging reactogenic pathways induced by LPS and eLNPs. Furthermore, LPS induces not
only peripheral inflammation but also hypothalamic inflammation, thereby introducing a
brain axis that leads to the induction of sickness behavior components, such as fatigue, fever,
weight loss, decreased food intake, and anhedonia [117–119]. These findings emphasize the
need to mitigate the reactogenic effects of LNPs to ensure their safe and effective application.

Abundant evidence from the studies demonstrates the utilization of not only diverse
ionizable lipids but also different doses, emphasizing the significance of a comprehensive
assessment of these factors to gain a more informed understanding of their impact on ther-
apeutic applications. Table 2 showcases a selection of representative studies that vividly
demonstrate the significant differences in eLNP doses employed. It emphasizes the wide
range of doses utilized in the administered formulations. Therefore, the introduction of
standardization in the doses and dosage regimens of eLNPs is crucial for facilitating a
comparative evaluation of eLNP reactogenicity. Furthermore, standardization is partic-
ularly important for evaluating the safety profile of eLNPs to identify potential adverse
reactions and to determine the optimal dose range for clinical use. Since pre-existing
inflammation can increase the risk of adverse reactions to eLNPs, utilizing standardized
dosing in research settings could help to identify the optimal dose range for minimizing
the risk of exacerbating inflammation or of inducing further damage to cells and tissues.

6. LNP-Inducible Expression of Cytokines Modulating Sickness Behavior

The physiologic responses to eLNPs include a typical sickness response, consisting
of attenuation of food intake and loss of body weight (Figure 5). This is driven, at least
partially, by the action of pro-inflammatory cytokines on the hypothalamic centers reg-
ulating appetite and metabolism. Cytokines such as IL-6, IL-1β, and TNF-α play a role
in the negative regulation of body weight in rodents as part of their sickness behavior in
response to inflammatory conditions [120–125]. IL-6 is mainly expressed by innate immune
cells, such as monocytes, but it is also produced by skeletal muscle and adipose tissues and
has both pro- and anti-inflammatory effects [126–129]. In terms of body weight regulation,
IL-6 exhibits a biphasic effect, where acute elevation of IL-6 levels decreases food intake
and increases energy expenditure, while chronic elevation of IL-6 levels is associated with
increased body weight and insulin resistance [123,130]. IL-1β is produced by a variety of
cells, including innate immune cells such as macrophages, monocytes, and dendritic cells,
and is known to be a potent pro-inflammatory cytokine [131,132]. Both IL-6 and IL-1β act
on the hypothalamus, a key regulatory center in the brain that controls feeding behavior
and energy expenditure [133]. IL-6 acts on the hypothalamus to increase the expression of
anorexigenic (appetite-reducing) neuropeptides [134,135]. Although IL-1β increases the ex-
pression of orexigenic (appetite-stimulating) neuropeptides, such as neuropeptide Y (NPY)
and agouti-related protein (AgRP), its potent induction of hypothalamic inflammation
leads to a reduction in food intake and a consequent decrease in body weight [136,137].

The findings suggest that the elevated levels of IL-6 and IL-1β induced by eLNPs lead
to decreased body weight through the modulation of hypothalamic function. IL-6 and
IL-1β were shown to be increased at both the mRNA and protein levels in mice treated
with eLNPs containing non-disclosed proprietary ionizable lipids [23]. Importantly, IL-6
and IL-1β overexpression was also associated with a decrease in murine body weight [23].
Of note, the authors also observed high mortality at the 10 µg eLNP dose delivered
intranasally in this study, with just 20% survival on day 1 post-treatment [23]. Therefore,
the observed weight reduction could be due to TLR-dependent septic shock involving a
cytokine storm with the possible overexpression of IL-6, IL-1β, and TNF-α, as discussed
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in [138]. Importantly, the results of studies utilizing MyD88/TRIF KO mice that were
administered mRNA–LNP injections suggest that MyD88/TRIF dual KO mice did not
exhibit weight loss [94]. These findings suggest that effector molecules produced due to the
LNP activation of TRIF- or MyD88-dependent reactogenic pathways play a pivotal role in
inducing sickness behavior. Therefore, incorporating food intake and body weight as key
indicators of systemic reactogenicity in the routine evaluation of eLNP is crucial, as they
not only form an integral part of sickness behavior but are also paramount in assessing
the efficacy and safety of LNP therapies for conditions that afflict patients’ frailty, such as
cancer and other chronic diseases.
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Figure 5. Mechanistic insights into reactogenic manifestations and therapeutic challenges in LNP
administration: Complex mechanisms underlie reactogenic manifestations of LNP administration. Ex-
pression of cytokines, including IL-6, IL-1B, TNF-a, and interferons, initiate core sickness behaviors such
as decreased food-motivated behaviors, fatigue, and lethargy. Concurrent LNP-dependent complement
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activation can result in CARPA symptoms, including anaphylaxis, chills, headache, and cardiopul-
monary distress. Moreover, complement activation-dependent MAC formation potentially eliminates
cells that are actively internalizing LNPs, leading to the release of additional DAMP signals and
additional cytokine expression. CTLs also contribute to removing cells presenting LNP-related anti-
gens from the treated cell pool. Complement opsonization of LNPs, along with anti-PEG antibodies,
may increase systemic and local reactogenicity by sequestering particles and reduce their therapeutic
efficacy. Additionally, activated PKR and RNase L enzymes can hinder mRNA translation or degrade
the mRNA therapeutic payload, further decreasing the therapeutic efficacy.

Together with a decrease in food-motivated behavior, fatigue is an important indicator
of the severity of the reactogenic insult (Figure 5). Type I and Type II interferons play a
critical role in developing disease-associated and iatrogenic fatigue syndromes [139–144].
Hence, the assessment of interferon expression holds significant importance due to their
role in causing symptomatic reactogenic manifestations, including fatigue, in response to
mRNA–LNP formulations. This is particularly relevant in the context of COVID-19 vaccine
administration, where fatigue is a frequent side effect [145,146]. The role of interferons,
along with other pro-inflammatory cytokines, is considered significant in both localized and
systemic inflammation and in the development of fever [147]. Type I interferons, including
IFN-α subtypes and IFN-β, are expressed as part of the pro-inflammatory cascade induced
by unmodified mRNA acting on TLR3, TLR7, and TLR9 and by eLNPs acting on TLR2
or TLR4 [50,148,149]. Interferon-gamma (IFN-γ), or type II interferon, has lower pro-
inflammatory potency and is important for the induction of adaptive immunity against
intracellular pathogens [150]. Liang et al. reported that, in contrast to mRNA-loaded LNPs,
eLNPs do not increase Type I IFN-inducible myxovirus resistance gene A (MxA) expression,
which is used as a marker for the induction of endogenous type I interferons [48]. However,
in the study by Connors et al., protein levels of IFNα and IFNγwere significantly increased
after 24 h of Acuitas eLNP stimulation [50]. Connors et al. also report that eLNPs induced
increased levels of phosphorylated IRF7, leading to the expression of ISGs [50]. Although
there is a slight increase in IRF7 activation when TLR4 is ligated, significant activation
only occurs when TLR7 or TLR9 are engaged, such as in the case of an LNP-encapsulated
payload of nucleic acids acting on these receptors [149].

7. Reactogenicity Interference with Translation of mRNA Delivered by LNP Carriers

The immune response triggered by the injection of mRNA–LNP formulations can
result in the downregulation of protein translation from the delivered mRNA, which
limits the efficacy of mRNA-based therapies (Figure 5) [151,152]. The production of pro-
inflammatory effector molecules downregulates expression of the delivered mRNA through
various mechanisms, including the inhibition of translation initiation and the degrada-
tion of mRNA [153,154]. The immune system may recognize the eLNP carriers or eLNP
structural components as a threat and mount an immune response, even in the absence
of an mRNA payload. Significantly, compelling evidence suggests that mRNA–LNP for-
mulations exhibit a substantial abundance of eLNPs that lack the incorporation of any
therapeutic payload [45]. Hence, it is imperative to explore the reactogenic effects of eLNPs
that may trigger immune responses and ultimately diminish mRNA expression in order to
ensure optimal protein expression.

The delivery of mRNA using LNPs was observed to result in reduced mRNA transla-
tion when mice were simultaneously exposed to mild doses of LPS [152]. This finding holds
significance as both eLNPs and LPS are capable of binding to TLR4. Lokugamage et al.
further showed that administering a TLR4 inhibitor increased mRNA translation; how-
ever, it did not fully restore it to the levels observed in the absence of LPS treatment [152].
Furthermore, TLR4 activation by mRNA–LNPs themselves led to a decrease in mRNA
translation. Importantly, the reduction in mRNA expression was not attributed to a de-
cline in the particle endocytosis or endosomal escape of LNPs, but rather to the action of
RNA-dependent protein kinase R (PKR) subsequent to TLR4 ligation. PKR, which reduces
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mRNA translation in the cell, is an intermediary component downstream of TLR signaling
that, upon activation, phosphorylates eukaryotic initiation factor 2 (eIF2) [16,155,156]. This
phosphorylation event prevents the recruitment of the initiator transfer RNA (tRNA) to the
ribosome and the activation of eIF2 by binding to guanosine triphosphate (GTP), thereby
inhibiting the initiation of translation [156–159]. Furthermore, one of the innate immune
mechanisms by which effector molecules such as TNF-α, IL-1 family cytokines, type I IFNs,
and other pro-inflammatory cytokines can inhibit translation initiation is by controlling
the phosphorylation of the alpha subunit of eIF2, eIF2α [159,160]. Consequently, the initial
event of TLR4 ligation, along with the subsequent expression of downstream molecules
such as TNF-α, members of the IL-1 family, and type I interferons, contributes to the
decreased expression of both therapeutic mRNA and the entire pool of mRNA within the
cell as part of a reactogenic outcome.

In addition to inhibiting translation initiation, cytokines can also induce the degra-
dation of mRNA molecules (Figure 5). One mechanism by which this occurs is through
the activation of ribonuclease L (RNase L), an enzyme that degrades mRNA in response
to exogenous nucleic acid insults, such as those arising from viral infection [161]. The
activation of RNase L by pro-inflammatory cytokines can lead to both viral and host
mRNA degradation, thereby reducing the overall level of mRNAs available for transla-
tion [162,163]. Moreover, pro-inflammatory cytokines can activate signaling pathways that
lead to the induction of cell death, which also contributes to the downregulation of mRNA
expression by the cells actively internalizing mRNA–LNP formulations [164]. Despite
the low-reactogenicity modified mRNA formulations used in clinical practice, [17,18] the
use of eLNP carriers may still cause reactogenic manifestations and subsequently lead to
cytokine-dependent downregulation of mRNA expression.

The reduction in exogenous mRNA expression can be further modulated by acti-
vating complement and adaptive immunity by actively removing the cells internalizing
mRNA–LNPs. Activation of the complement pathway by LNPs can initiate the forma-
tion of membrane attack complexes (MACs), which often inflict cellular damage. The
formation of MACs as a result of activation through classical, mannose-binding lectin,
and properdin-mediated complement pathways [165] not only poses a direct threat to the
targeted cells but can also impact the uptake and internalization of LNP formulations,
leading to a decrease in their therapeutic effectiveness. Additionally, anti-PEG antibod-
ies and complement effector molecules play a critical role in the opsonization of LNPs,
resulting in their accelerated clearance from the system and subsequently reducing their
therapeutic efficacy. Furthermore, PEG incorporated into the LNP coating induces an
anaphylactoid, complement-activation-related pseudoallergy (CARPA) rection [166,167].
CARPA is a harmful immune reaction triggered by the activation of the complement system,
leading to adverse symptoms and potentially life-threatening complications in response to
certain medications or therapeutic agents [166,168]. In their study, Ndeupen et al. put forth
the hypothesis that PEGylated lipids present in LNPs may elicit CARPA in individuals
who possess pre-existing PEG-specific antibodies. These antibodies could arise from the
previous administration of mRNA–LNP formulations, including COVID-19 vaccines [23].
Of significant importance, extensive evidence exists regarding the activation of the adap-
tive immune system by LNP delivery, resulting in the generation of antibodies against
immunogenic LNP components, including the formation of anti-PEG antibodies [20,169].

Furthermore, the activation of cytotoxic T lymphocyte (CTL) cells and their accumu-
lation in draining lymph nodes adjacent to the xenobiotic injection site can lead to the
destruction of cells such as APCs that have taken up LNPs containing the immunogenic
components (Figure 5). Consequently, CTLs can facilitate an increase in the clearance of
PEGylated LNPs, thereby causing a further decrease in the expression of the delivered
mRNA. The actions of CTLs are indeed advantageous in therapeutic approaches that utilize
mRNA–LNPs as cancer vaccines. The delivery of therapeutic mRNA–LNPs can lead to
the expression of novel antigens in cancer cells that is potentiated by a triggered immune
response [170]. However, this approach may be counterproductive in mRNA therapeutics
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aimed at applications beyond the elimination of diseased cells. These immune responses
highlight the immunogenic potential of LNP bridging to reactogenic manifestations and em-
phasize the need for careful evaluation and monitoring of immune reactions in LNP-based
therapeutic applications.

8. Reactogenicity Interference with Multiple Injections of Lipid Nanoparticle
Formulations

Similar to the immune system’s ability to interfere with mRNA translation after a single
injection, there is growing apprehension regarding the possibility of decreased mRNA
expression in response to repeated administrations or after prior exposure to mRNA–LNP
formulations. This phenomenon can be attributed to the recognition of the LNP delivery
system as a foreign entity by the adaptive immune system, leading to an immediate immune
response that may result in mRNA degradation prior to its translation into proteins. As
the utilization of mRNA vaccines and therapeutics continues to expand, it is imperative
to gain a comprehensive understanding of the potential long-term ramifications that may
arise from repeated administrations. If repeated injections or pre-exposure to LNPs lead to
a decrease in mRNA expression, it could impact the efficacy of these treatments and may
require changes to their dosing, dosage, or delivery methods. Therefore, understanding the
potential risks associated with repeated administration of mRNA–LNPs is important to
improve the safety and efficacy of mRNA-based therapies.

Despite the limited amount of research on the pre-exposure to mRNA–LNP formula-
tions decreasing mRNA expression, the available evidence suggests that there are significant
implications for understanding its impact. In a study aiming to express an mRNA-encoded
antigen, Qin et al. reported that pre-exposure to eLNPs or mRNA-loaded LNPs decreased
the response in terms of both antibody production and germinal center B-cell expansion [54].
Further, upon administering mRNA–LNPs repeatedly, there was an observed transition
in LNP distribution from the liver to the spleen after the third successive injection [171].
This observation was attributed to increased internalization of LNPs by splenic APCs, pos-
sibly recognizing the protein corona surrounding LNPs. Additionally, exposure of LNPs
to plasma from LNP-immunized mice revealed the enhancement of immunoglobulins
attached to the protein corona encircling the LNPs [171]. In line with prior research, the
opsonizing immunoglobulins detected in this study included antibodies against PEG [171].
These findings suggest that the LNP carriers themselves, and not the mRNA payload, play
a crucial role in the immune elimination of mRNA–LNP formulations. Of note, the physical
characteristics of LNPs and their interactions with serum proteins can be altered by employ-
ing diverse ionizable lipid components, leading to variations in LNP accumulation across
different tissues, such as liver, spleen, and lung [172]. Hence, the redistribution of LNPs
following multiple injections may depend on the composition of the LNPs themselves.

In addition to stimulating adaptive immunity, pre-exposure to LNP formulations
can also alter the innate immune response, which could aggravate mRNA elimination,
decreasing its expression. For instance, the use of the BNT162b2 mRNA–LNP formulation
as a vaccine resulted in the upregulation of pro-inflammatory and IFN-stimulated genes
such as the chemokine CXCL10 and the cytokine IL-6 in monocytes [173]. These effects
were more pronounced after the booster vaccination with BNT162b2 than after the initial
vaccination [173]. Despite these findings, mRNA–LNP-based vaccines continue to play
a crucial role in the ongoing battle against the COVID-19 pandemic, and their success
provides a foundation for developing novel and innovative mRNA–LNP formulations for
the treatment of various other diseases.

9. Conclusions and Next Steps in eLNP Reactogenicity Research

While LNP-mediated delivery of nucleic acid therapeutics offers substantial potential
for disease prevention and treatment, optimizing their formulation to minimize side effects
and reactogenicity is crucial. Furthermore, caution should be exercised when administering
mRNA–LNP-based therapies to individuals with pre-existing chronic inflammation, as
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LNP reactogenicity may exacerbate the underlying inflammatory conditions. Additionally,
even in healthy individuals, reactogenicity could pose a risk to the effectiveness of mRNA
translation and may hinder the repeated administration of mRNA therapeutics. The current
understanding of the effects of LNP composition, associated temporal kinetics, chronic
dosage, and dosing on their ability to evoke reactogenic manifestations is still evolving, and
further investigations are needed to develop safe and effective LNP carrier formulations.

Future studies should focus on elucidating the mechanisms of LNP-induced inflamma-
tion, as well as on identifying ways to mitigate their reactogenicity. For instance, temporal
kinetics is an important consideration when studying eLNP reactogenicity, since the pro-
longed presence of LNP carriers can cause toxicity and interfere with the efficacy of the
therapy. Therefore, the optimal timing and frequency of administration of LNP-based
therapies must be carefully evaluated to minimize the risk of adverse reactions. The dose of
LNP carriers and density of the mRNA payload distribution per particle is another factor
that needs to be optimized for the desired therapeutic effect, especially in the setting of
chronic administration. In addition, it is worth noting that variations in ionizable lipids,
mRNA cargo, and PEG coating can significantly impact the reactogenicity of LNP carriers.
Therefore, the standardization and optimization of LNP carrier formulations in reactogenic-
ity studies can significantly enhance both their safety and effectiveness, paving the way for
developing new treatments.
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AP-1 Activator Protein 1
ASC Apoptosis-Associated Speck-Like Protein Containing CARD
C3a Complement Component 3a
C3aR C3a Receptor
C5a Complement Component 5a
C5aR C5a Receptor
CARPA Complement-Activation-Related Pseudoallergy
CTL Cytotoxic T Lymphocytes
DAMPs Danger-Associated Molecular Patterns
dsRNA Double-stranded RNA
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ELISA Enzyme-Linked Immunosorbent Assay
eLNP Empty Lipid Nanoparticle
eIF2 Eukaryotic Initiation Factor 2
FDA Food and Drug Administration
GFP Green Fluorescent Protein
IFN Interferon
IL Interleukin
IL-1β Interleukin 1 β
IL-1R Interleukin-1 Receptor
IL-6 Interleukin 6
IRAKs Interleukin-1-Receptor-Associated Kinases
IRF Interferon Regulatory Factor
KO Knock-Out
LNP Lipid Nanoparticle
MAC Membrane Attack Complex
MAPKs Mitogen-Activated Protein Kinases
MC3 Dlin-MC3-DMA
MyD88 Myeloid Differentiation Primary Response 88
N/P ratio Nitrogen-to-phosphate ratio
NLRP3 NOD-, LRR-, and Pyrin Domain-Containing Protein 3
NF-κB Nuclear Factor-Kappa B
PAMP Pathogen-Associated Molecular Pattern
PBMCs Peripheral Blood Mononuclear Cells
PEG Polyethylene Glycol
PKR Protein Kinase R
RBC Red Blood Cell
TAK1 Transforming Growth Factor-β-Activated Kinase 1
TBK1 TANK-Binding Kinase 1
TLR Toll-Like Receptor
TLR4 Toll-Like Receptor 4
TRAF6 TNF-Receptor-Associated Factor 6
TRAM Translocating Chain-Associating Membrane Protein
TRIF TIR-Domain-Containing Adaptor-Inducing Interferon-β
WT Wild-Type
WBC White Blood Cell
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Abstract: Breast cancer is the most frequently diagnosed cancer among women. Breast cancer is
also the key reason for worldwide cancer-related deaths among women. The application of small
interfering RNA (siRNA)-based drugs to combat breast cancer requires effective gene silencing
in tumor cells. To overcome the challenges of drug delivery to tumors, various nanosystems for
siRNA delivery, including lipid-based nanoparticles that protect siRNA from degradation for delivery
to cancer cells have been developed. These nanosystems have shown great potential for efficient
and targeted siRNA delivery to breast cancer cells. Lipid-based nanosystems remain promising as
siRNA drug delivery carriers for effective and safe cancer therapy including breast cancer. Lipid
nanoparticles (LNPs) encapsulating siRNA enable efficient and specific silencing of oncogenes in
breast tumors. This review discusses a variety of lipid-based nanosystems including cationic lipids,
sterols, phospholipids, PEG-lipid conjugates, ionizable liposomes, exosomes for effective siRNA
drug delivery to breast tumors, and the clinical translation of lipid-based siRNA nanosystems for
solid tumors.

Keywords: lipid NPs; breast cancer; siRNA delivery; gene silencing; personalized therapy

1. Introduction

Breast cancer is the most frequent type of cancer in women and is the main cause
of cancer death, accounting for 2.08 million new patients and 0.67 million deaths every
year [1]. Breast cancer has become the most prevalent form of cancer globally, surpassing
lung cancer in 2020. It is also the most diagnosed cancer among women in the United
States. It is a leading cause of cancer-related deaths in less developed nations and ranks
as the second highest cause of cancer-related deaths in American women. In 2020, ap-
proximately 2.3 million women worldwide were diagnosed with breast cancer, resulting
in 685,000 fatalities. Shockingly, every 14 s, a woman somewhere in the world receives
a breast cancer diagnosis. Overall, breast cancer is the most frequently occurring cancer
in women worldwide, being the top diagnosis in 140 out of 184 countries. It represents a
quarter of all cancers affecting women globally. In the United States, breast cancer is the
second most common cancer among women, following nonmelanoma skin cancer. In 2023,
an estimated 300,590 people in the U.S. will receive a breast cancer diagnosis, with 297,790
of them being women, making it the most prevalent cancer among American women.
Furthermore, in 2023, an estimated 2800 men will also be diagnosed with breast cancer
in the U.S. [2]. Currently, breast cancer treatment is focused primarily on neoadjuvant
or adjuvant therapy, surgery, and radiation therapy. Systemic therapy for breast cancer
includes chemotherapy, hormonal therapy, targeted therapy, and immunotherapy. Breast
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cancer patient survival depends on the stage of disease, metastatic progression, and devel-
opment of drug resistance [3–5]. Cancer cells demonstrate proliferative signaling, evasion
of growth suppression, inhibition of programmed cell death, rapid angiogenesis, and stim-
ulate invasion as well as metastasis. The cancer cells also can reprogram energy metabolism
and evade immune responses. The reprogramming of energy metabolism and evasion of
immune responses by cancer cells is enabled by genome instability and mutations. Thus,
cancer qualifies as a heterogeneous disease. Breast cancers with their diverse diagnostic
landscapes may influence clinical behavior and patient survival. Personalized therapies
for breast cancers have been focused on targeting proteins and signaling pathways em-
phasizing the significance of novel molecular targets, utilization of efficient delivery tools,
and early and accurate detection to enhance breast cancer therapy [1]. In the realm of
breast cancer therapy, several specific small interfering RNA (siRNA) molecules have been
investigated for their potential therapeutic applications. For instance, siRNA targeting
the oncogene HER2 (human epidermal growth factor receptor 2) has been explored as a
strategy to downregulate HER2 expression and inhibit the proliferation of HER2-positive
breast cancer cells [6]. Additionally, siRNA targeting genes involved in cell cycle regulation,
such as cyclin-dependent kinases (CDKs) and checkpoint proteins, have shown promise
for the modulation of cell growth and induction of apoptosis in breast cancer cells [7,8].
Furthermore, siRNA molecules targeting angiogenesis-related factors, such as vascular
endothelial growth factor (VEGF), have been investigated for inhibition of tumor vascular-
ization to impair tumor growth in breast cancer [9]. siRNAs used in breast cancer therapy
can be classified into different categories based on their structure and mode of action as
shown in Figure 1. These examples illustrate the potential of siRNA-based therapies in
breast cancer, providing targeted approaches to silence specific genes or pathways involved
in cancer progression.
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Lipid-based nanosystems have served as promising siRNA drug delivery carriers for
effective and safe cancer therapy [1]. SiRNAs are a small class of dsRNAs, consisting of 19
to 21 nucleotides. siRNAs impede gene expression and protein synthesis via complemen-
tary binding to their target mRNA, and they activate their target gene silencing through
RNAi [11]. The potency of siRNAs may increase with length. A study demonstrated that
a 27-nucleotide siRNA may be 100 times more potent than a conventional 21-neucleotide
siRNA [12].

In recent years, lipidic nanosystems (Table 1) have emerged as promising vehicles
for the delivery of small interfering RNA (siRNA). The physicochemical properties of
lipidic systems play a crucial role in their effectiveness as carriers for siRNA delivery. One
important property is the size and surface charge of the lipid nanoparticles. Generally,
smaller nanoparticles have shown enhanced cellular uptake and improved penetration
into tissues, making them desirable for efficient siRNA delivery [13]. Additionally, the
surface charge of lipid nanoparticles influences their stability, interaction with biological
barriers, and cellular internalization. Cationic lipids used in lipidic systems provide
a positive charge, facilitating complex formation with negatively charged siRNA and
promoting cellular uptake [14,15]. However, it is important to strike a balance, as excessive
positive charge can lead to cytotoxicity and non-specific interactions. Hence, optimizing the
surface charge of lipidic systems is crucial for achieving efficient and safe siRNA delivery.
Another important physicochemical property is the lipid composition of the nanoparticle
formulation. Lipidic systems for siRNA delivery often incorporate a mixture of lipids to
modify desired properties. The selection of lipids influences the stability, encapsulation
efficiency, and release profile of siRNA. For instance, the choice of lipids with appropriate
hydrophobicity and chain length can improve the stability and loading capacity of siRNA
in the lipidic system. Additionally, incorporating lipids with fusogenic properties can aid in
endosomal escape, enabling effective siRNA release into the cytoplasm [16]. Furthermore,
the inclusion of PEGylated lipids can enhance the stability and circulation time of lipid
nanoparticles, reducing their clearance by the immune system [17]. Therefore, careful
consideration of lipid composition is essential to optimize the physicochemical properties
of lipidic systems for efficient siRNA delivery.
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The first generation of lipid-based nanosystems employed cationic liposomes to encap-
sulate and protect siRNA molecules. Cationic liposomes possess a positive charge, enabling
electrostatic interaction with the negatively charged siRNA, forming stable complexes
that facilitate cellular uptake and endosomal escape. One such example is the widely
utilized lipofectamine-based system, which combines cationic lipids with siRNA, leading
to efficient gene silencing [26]. However, these early lipid-based nanosystems revealed
challenges such as poor stability, limited siRNA loading capacity, and potential cytotoxicity.

To overcome these limitations, the second generation of lipidic nanosystems intro-
duced the concept of lipid nanoparticles LNPs. LNPs are comprised of a lipid bilayer encap-
sulating the siRNA payload and often contain additional components, such as polyethylene
glycol (PEG) and targeting ligands. These components enhance stability, circulation time,
and specific delivery to the target cells or tissues. Notably, LNPs incorporating ionizable
cationic lipids have shown remarkable success in siRNA delivery. For instance, the FDA-
approved lipid nanoparticle system, Onpattro, utilizes an ionizable lipid formulation to
effectively deliver siRNA targeting transthyretin (TTR) for the treatment of hereditary
ATTR amyloidosis [27]. The second-generation lipidic nanosystems represent a significant
advancement in siRNA delivery, addressing previous challenges and exhibiting improved
therapeutic potential. Lipid nanoparticles act to reduce biological barriers to siRNA de-
livery, degradation by nuclease, and intracellular trafficking. LNPs may offer potential
advantages including enhanced bioavailability, increasing aqueous solubility to reduce
cellular clearance time, improving receptor specificity, and targeting drugs to exact tissue.

LNPs fabricated using well-tolerated components can be prepared on a large scale and
can be sterilized and lyophilized, providing storage stability. They are also biocompatible
and biodegradable, similarly to liposomes. The LNPs are composed mainly of phospho-
lipids, organized in a bi-layered structure. LNPs form vesicles in the presence of water,
increasing the solubility and stability of anticancer drugs when loaded into the carrier [28].
The LNP-based vehicles can encapsulate both soluble and insoluble drugs [29]. In addition
to phospholipids, other compounds, including cholesterol, may be loaded onto the carriers.
Cholesterol, in the LNP-based vehicles, reduces the membrane fluidity of the NPs, enhances
its penetrability to insoluble drugs, and improves their stability in the circulation [28].

siRNA delivery of LNPs encapsulating siRNA facilitates effective and specific silenc-
ing of oncogenes, such as the tyrosine kinase receptors (TKRs) expressed on cancer cells
since they are recognized as regulators of oncogenesis [30]. The most frequently utilized
nanosystems for siRNA drug delivery include cationic, ionizable, neutral liposomes, ex-
osomes, and other synthetic nanocarriers. These are simply prepared liposome-based
delivery systems that have several benefits for in vitro and in vivo delivery of siRNA.

The innate immune system provides a first line, and the adaptive immune system
provides a second line, of the body’s defense [1]. The size of the LNP determines the
Th1 response (IFNγ production) and Th2 response (IL-4 production). Particles of 40 to 50
nm improved Th1 stimulation, while larger-sized (>100 nm) particles activated the Th2
response [31]. The white blood cells and erythrocytes interact with LNPs depending on their
various characteristics. These may affect the delivery of LNPs forming aggregates with the
abundant erythrocytes, which may be toxic to immune cells [32]. The geometry of the LNPs
may also influence the cellular internalization. The rod-like LNPs are internalized by the
leukocytes with high efficiency, followed by spherical- and cylindrical-like NPs. However,
cube-like LNPs are internalized less efficiently [32]. Cationic NPs can interact with cell
membranes. However, cationic liposomes may increase immunotoxicity by activation
of neutrophils and by prompting oxidative stress. Anionic LNPs have less favorable
interactions with cell membranes due to repulsive forces and may exhibit poor cellular
internalization [33]. Leukocytes-LNP interactions are beneficial because the resultant
system crosses physiological barriers and moves into tumor niches [34].

Cationic liposomes are suitable for encapsulating therapeutic siRNA. The incorporated
siRNAs within cationic liposomes demonstrate a superior uptake by the target cells through
endocytosis. To target the desired cells effectively, ligand binding to the cell surface
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receptors of target cells was merged with the cationic coat of the liposome [35]. The
fabrication of lipid-based nanocarriers has received much consideration due to the progress
of systems for delivering siRNA to the cytoplasm of the tumor cells, protecting them from
the circulatory environment that provides resistance to nucleases, overcoming immune
responses enabling sufficient delivery to cancer cells [36].

The efficiency of LNPs for the delivery of siRNAs targeting CDK4 was evaluated in a
study by Wang et al. [37]. The results of the study demonstrated that LNP-siRNA prompted
efficient gene silencing compared to lipofectamine in MDA-MB-468-triple-negative breast
cancer (TNBC) cells and triggered G1 phase cell cycle arrest. CDK4 inhibited cell cycle
and proliferation in cancer cells. The advances in siRNA-based selective inhibiting agents
targeting CDK4 may be an effective approach for breast cancer therapy.

Lipid-coated calcium phosphate NPs loaded with siRNA promoted the siRNA delivery
to TNBC cells. The NPs accumulated in tumor cells because of the enhanced permeability
and retention (EPR) effect and the ability of siRNA drugs to target cancer cells. LNPs coated
with calcium phosphate were utilized for the delivery of a mixture of siRNAs targeting
genes required for cell survival [38]. The outcomes indicated an improved cellular uptake
and hindrance of TNBC MDA-MB-468 cells.

Effective delivery of chemotherapeutics and therapeutic siRNA has significant possible
benefits. A co-delivery system consisting of paclitaxel (PTX) and siRNA coupled to LNPs
significantly inhibited cancer cells utilizing targeted siRNA therapy [39]. Micellar LNPs
carrying both PTX and siRNA targeting polo-like kinase 1 (PLK1) demonstrated synergistic
tumor reduction in a xenograft murine model of MDA-MB-435s (a model cell line often
used for the study of breast cancer) cells [40]. PLK1 is often overexpressed on breast
cancer cell lines. Concurrent delivery of siRNA and chemotherapeutic drugs using cationic
liposomes is an effective delivery system to target PLK1 [41,42]. The simultaneous delivery
of PTX and PLK1 siRNA synergistically enhanced apoptotic MCF-7 cells and decreased
angiogenesis. This combination delivery method demonstrated noteworthy benefits over
single therapies using either PTX or siRNA [41]. Similarly, delivery of doxorubicin (Dox)
with siRNA liposomes is a frequently used approach in cancer therapy [42].

The tumor inhibitory effect of siRNA loaded into liposomes targeting VEGF was
effective against SKBR3 breast cancer cells compared to a commercial transfecting system,
metafectene [43]. A polycation liposome encapsulating calcium phosphate (PLCP) NPs
facilitated endosomal escape. The silencing function of PLCP/VEGF siRNA complexes
was two times greater in MCF-7 cells compared to a commercial transfecting agent in an
in vivo study using a xenograft model of MCF-7 cells. Additionally, a synergistic tumor
hindrance effect was detected in tumor cells co-treated with doxorubicin in a mouse model.
This study demonstrated that the PLCP/VEGF siRNA delivery system targeting VEGF is a
promising approach to inhibit angiogenesis in breast tumors [44].

Ionizable liposomes with vincristine at a drug lipid ratio of 1:1 was tested in a breast
cancer model [45]. In another study, ionizable liposomes conjugated to lipocalin 2(Lcn2)
siRNA was used to inhibit the metastatic MDA-MB-436 and MDA-MB-231 breast cancer
cell lines. The results indicated that the liposomal Lnc2 siRNA system can be effective in
reducing breast cancer progression [46].

Cationic porphyrin lipid microbubbles loaded with hypoxia-inducible factor-1α siRNA
along with photodynamic therapy were utilized for the treatment of TNBC, monitored using
ultrasound imaging. HIF-1α siRNA down-regulated the HIF-1α expression, which was
facilitated by the hypoxic tumor conditions or Ros generated during PDT. This approach
improved PDT efficacy and reduced tumor development [47].

Lipid-coated calcium phosphate nanoparticles (LCP NPs) are a biocompatible, mul-
tifunctional efficient delivery system for cancer therapy. BsAb conjugated with LCP NPs
targeted EGFR on MDA-MB-468 cells. These multifunctional LCP-BsA NPs were efficiently
taken up by the tumor tissue. The integration of CD (cell death) siRNA and photother-
mal (ICG) therapy utilizing LCP-BsAb NPs hindered tumor growth in vivo in a mouse
model [48,49].
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The LNP surface was modified with HB-EGF antibody to target breast cancer [50,51].
HB-EGF is a ligand that binds to the EGF receptor (EGFR). TNBC tumors over-express
HB-EGF [52]. Utilization of anti-HB-EGF antibody-modified LNP enhanced the siRNA
delivery to breast tumors after intravenous injections. TNBC is a refractory disease with a
poor prognosis. Nanomaterials such as functionalized mesoporous silica, chitosan-layered
gold NPs, and cationic LNPs are utilized for siRNA delivery via an EPR effect [53–55].
However, active targeting may be utilized to deliver the LNPs containing siRNA to inhibit
TNBC growth. TNBC growth was hindered by silencing PLK1 protein expression in tumors
after intravenous injection of anti-HB-EGF antibody-modified LNPs incorporating siRNA
against PLK1. This antibody alteration approach is an innovative strategy for the therapy
of TNBC tumors [20].

Exosomes can be used as carriers for siRNA. Exosomes generated by the recipient’s
own cells may be a prospective and safe carrier for siRNA delivery [56,57]. The surface of
the exosomes can be modified with suitable ligands to improve the selectivity for target
cells. Artificial exosomes or exosome mimetics may be advantageous for tissue-specific
efficient delivery of siRNA [20]. Further, exosome-modified liposomes may be utilized for
the targeted delivery of siRNA drugs for anticancer immunotherapy [58].

Major barriers to siRNA delivery that target an adequate dose to the tumor will
enhance its internalization into tumor cells. Its release into the cytoplasm can be reduced
with a complex comprising siRNA, cationic lipids, and pH-responsive peptide suitable for
tumor uptake enhancement through focused ultrasound (FUS). The system offers efficient
siRNA encapsulation, nuclease protection, endosomal escape, and effective gene silencing.
Both lipid and ternary (lipid: peptide: siRNA complexes prepared with NIR fluorescently
labeled siRNA) accumulate in tumors following FUS treatment. As a result, combining a
well-designed lipid: peptide: siRNA complex with FUS therapy provides a prospective
approach to achieve effective gene delivery in vivo and gene silencing [59].

Lyotropic mesophase LNPs consisting of an internal cubic phase nanostructure are
known as cubosomes. In recent years, cubosomes have garnered attention as a promising
drug delivery carrier for cancer therapy [60–63]. Cubosomes have many advantages over
liposomes. Drug-loaded cubosomes can be utilized for cancer treatment. A cubosome
functionalizing with HA to target CD44, which is highly expressed in TNBC cells, was
utilized to incorporate siRNA to target breast cancer cells [62,63].

The siRNA drug was formulated with cationic lipid-assisted PEG-PLA NPs to target
cyclin-dependent kinase 1 for TNBC therapy. The NPs inhibited c-myc overexpressing
TNBC cells by reducing CDK-1 expression [64,65]. Further, aptamer-guided siRNA NPs tar-
geting CD44 expression in TNBC were prepared [65]. The results of the study demonstrated
that the drug exhibited improved anticancer effects against TNBC [65,66].

2. Recent Development of Lipid and Lipidoid-Based NPs for siRNA Delivery for
Cancer Therapy

Advancements in understanding the molecular targets of cancer have opened the
way for personalized therapy, which has overcome the complex and asymptomatic nature
of various cancers. Targeted therapy, which interferes with specific molecular targets,
has replaced the traditional approach of developing new chemotherapeutics. Over the
past few decades, various molecules, such as tyrosine inhibitors, small molecule drug
conjugates, serine/threonine inhibitors, and monoclonal antibodies, have been used to
develop targeted anti-cancer therapies. Although these molecules have been effective,
challenges related to protein stability remain.

2.1. RNAi Therapy: Challenges and Advantages

However, RNA interference has revolutionized targeted therapies by using non-coding
RNAs to silence gene expression in various cells. Despite the existence of various options
for gene silencing, such as TALENs and CRISPR/Cas, RNA interference remains the pre-
ferred option due to its precise mechanism, high potential, high specificity of gene silencing,
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and minimal off-target effects [67]. The main challenge associated with siRNA-based
therapies for cancer and other diseases is delivering siRNA to the target cells in vivo in
an effective manner. Successful use of siRNA-based drugs in the fight against cancer
requires effective gene silencing in cancer cells. For effective siRNA delivery, the ideal
systemic siRNA delivery system should possess several characteristics. These include
biocompatibility, biodegradability, non-immunogenicity, protection of siRNA from serum
nucleases during circulation and endosome release, avoidance of rapid hepatic or renal
clearance, and promotion of siRNA delivery to target cells while avoiding normal tissues.
Therefore, an in vivo, systemic siRNA delivery system should aim to increase the serum
half-life of the siRNA, promote its distribution to target tissues, promote cellular uptake
with intracytoplasmic release without degradation, and avoid off-target gene silencing
activity. Several siRNA delivery systems have been developed for cancer therapy, including
chemical modifications of siRNA, lipid-based delivery systems, polymer-based delivery
systems, conjugate delivery systems, co-delivery of siRNA and anticancer drugs, and inor-
ganic nanoparticles such as quantum dots, carbon nanotubes, and gold nanoparticles [68].
These modifications help address the problems associated with naked siRNA, such as
serum stability, clearance of large molecular mass material, high toxicity, ligand-receptor
interaction, vascular permeability to reach cancer tissues, and renal clearance as shown in
Figure 2.
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recognition and clearance. (E) Renal clearance. (F) Endothelial barrier. (G) Cell membrane barrier.
(H) Endosomal barrier. (I) Insufficient cargo release. Adapted from [69] with copyright permissions.
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However, achieving these benefits from a single modification is difficult, as siRNA
delivery systems interact with various components. Poorly designed modifications can
lead to problems such as a high positive charge on the surface of nanoparticles, which may
cause unfavorable aggregation with erythrocytes [70,71].

2.2. Nanoparticles

RNAi-based cancer therapies have led to the use of nanoparticles as delivery molecules,
which enhance transportation efficiency due to the EPR effect. However, preclinical charac-
terization of the nanocarrier and studies on the release mechanism for loaded non-coding
RNAs by these carriers must be analyzed before these molecules are taken into clinical
trials [72].

Preclinical studies that evaluate the rate, range, and perpetuation of silencing as well
as the timeframe of delivery of the carriers to the tumor site are crucial for improving siRNA
delivery [70]. In recent years, there has been growing interest in the use of lipid and lipidoid-
based nanoparticles (NPs) for the delivery of small interfering RNAs as a potential cancer
therapy. siRNA is an encouraging therapeutic agent that can silence specific genes involved
in cancer growth and progression, but its clinical utility has been limited by challenges in
delivering it to cancer cells. Lipid and lipidoid-based NPs have emerged as an approach
for delivering siRNA to cancer cells due to their biocompatibility, biodegradability, and
ability to encapsulate and protect siRNA from degradation. Several lipid-based NPs have
been developed for siRNA delivery in cancer therapy. Five major nanomaterial-based
delivery platforms now include lipid, peptide, polymer, biomembrane, and inorganic NPs.
Among various NPs, liposomes, exosomes, and lipid-like NPs are major categories that
have attracted significant interest since the introduction of a cationic liposome formulated
with 1,2-di-O-octadecyl-3-trimethylammonium propane (DOTMA) for therapeutic mRNA
delivery into mammalian cells in 1989 [73]. Lipid-based drug delivery systems have several
advantages including FDA approval, simplicity of the preparation, good biocompatibility,
low immunogenicity, and high transfection efficiency. Lately, new ionizable lipids have
been designed to replace the traditionally used cationic lipids to reduce toxicity without
compromising transfection efficacy (Table 2). These ionizable lipids contain three moieties
and have an optimal pKa value of 6.2–6.5, allowing for efficient encapsulation of RNAs into
nanoparticles while maintaining neutrality at physiological pH and becoming protonated
at lower cell pH to facilitate endosomal escape [74,75].

Table 2. Examples of lipids commonly used in delivery systems for siRNA [20,69].

Group of Lipids/Lipidoids Examples

Cationic lipids DOTAP, DOTMA, DC-6-14

Ionizable lipids/lipidoids
A6, A18-Iso-5-2DC18, 98N12-5, DLin-MC3-DMA,

Lin-DMA, DODAP, DLin-KC2-DMA, DLin-MC3-DMA,
YSK05, YSK13, CL4H6.

Sterols Cholesterol, DC-cholesterol, Sitosterol

PEG-lipid conjugates DSPE-PEG, DMG-PEG

Phospholipids DOPE, DSPC, DSPC

The choice of a lipid-based nanosystem for siRNA delivery depends on several factors,
including the physicochemical properties of siRNA, the desired release kinetics, and the
route of administration. The most natural and biocompatible vehicles that can be used for
nucleic acid delivery are exosomes.

2.2.1. Exosomes

Exosomes are endogenous vesicles that have recently received much attention in the
field of small interfering RNA delivery research. They are seen to be safe and efficient carri-
ers. Exosomes used as siRNA carriers are preferably self-derived from exosome-producing
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cells to keep low immunogenicity. Although the use of exosomes as siRNA carriers is
still under investigation, it has been reported that exosomes taken from human serum
can be loaded with siRNA by electroporation and introduced into human lymphocytes
and monocytes [76]. Similarly, liposomes are considered safe, biocompatible, and effective
delivery systems for siRNA. They are spherical vesicles composed of phospholipids that
can encapsulate siRNA.

2.2.2. Liposomes

Liposomes also offer the possibility of co-delivering multiple drugs with different
properties, such as hydrophilic and hydrophobic drugs, within the same particle. This can
reduce the frequency of drug administration, which can improve patient compliance and
reduce potential side effects [77,78]. Despite their advantages, liposomes also have some
limitations, such as poor stability in biological fluids, susceptibility to opsonization by
serum proteins, and potential toxicity associated with the use of certain lipid components.
Thus, ongoing research continues to address these issues and explore new strategies to
improve the clinical efficacy and safety of liposomal drug delivery systems [78,79].

2.2.3. Solid Lipid Nanoparticles

Another commonly used delivery system is called the solid lipid nanoparticle (SLN).
Those carrier systems are composed of natural lipids that are stabilized by surfactants in an
aqueous solution, which distinguishes them from liposomes. SLNs are created using solid
lipids such as glycerides, fatty acids, or waxes. By contrast, nanostructured lipid carriers
(NLC) use a combination of solid and liquid lipids (oils) that form a solid blend at body
temperature. The addition of oil prevents the formation of perfect lipid crystals, creating
imperfections that increase the drug-loading capacity and physical stability of the lipid
matrix [80,81]. Cationic compounds, typically lipids, are also used to let the negatively
charged nucleic acids form a complex at the surface of the particle [82].

2.2.4. Lipid-Polymer Nanoparticles

Another interesting delivery system uses lipid-polymer nanoparticles. LPNs are
composed of a lipid bilayer and a polymer core that can enhance siRNA encapsulation and
stability [83]. Lipidoid-based NPs are a newer class of NPs that have shown promise for
siRNA delivery due to their ability to form stable complexes with siRNA molecules and
efficiently deliver them to target cells. Lipidoids are modified lipids that can form NPs
through self-assembly with siRNA. Lipidoid-based NPs have been shown to effectively
deliver siRNA to cancer cells in preclinical models and have several advantages over
traditional lipid-based NPs, including improved stability and reduced toxicity [83,84].
Despite the promising results of these preclinical studies, there are still challenges to be
addressed in the development of lipid and lipidoid-based NPs for siRNA delivery for
cancer therapy. These challenges include improving the stability and targeting efficiency of
NPs, minimizing side effects, and optimizing the dosing and administration of NPs [20].

2.3. Targeted Therapy

The targeted delivery of drug nanoparticles to a specific site of action is crucial for
effective treatment with minimal side effects. Passive targeting utilizes the enhanced
permeation and retention effect, which occurs in many solid tumors due to leaky vascu-
lar blood vessels and incomplete lymphatic systems. Nanoparticles can accumulate in
these incomplete vascular systems, and modifying their surfaces with hydrophilic macro-
molecules such as PEG can further optimize this effect. PEGylation can increase the stability
of nanoparticles in biological fluids and reduce aggregation during storage and during
in vivo application [85]. The main challenge is to design nanocarriers that can specifically
recognize and target molecules presented on the tumor cell surface. Several different types
of nanoparticles have been designed to meet this challenge, including nanoparticles that
react to light, ultrasound, or heat to release the contents and disrupt cancer cells. Moreover,
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nanoparticles can be designed to carry multiple drugs simultaneously [86]. An alternate
way to precisely transport the siRNA to the targeted site requires functionalization of the
NPs’ surface by using various ligands. Consequently, structures presented on the cells’
surface or in tissues can be specifically targeted with proper ligands attached to the surface
of the NPs [87]. The most used ligands include aptamers, small molecules, antibodies,
peptides, polysaccharides, receptors, or antibody fragments. It has been proven that surface
modification is a key factor affecting the binding and uptake of the nanoparticles once they
reach the target site [88]. However, the effectiveness of active targeting is not so impressive,
since studies have shown that only a small percentage of injected nanoparticles typically
reach the tumor tissue. Despite this, surface functionalization can significantly influence the
binding and uptake of nanoparticles by target tissues and can lead to improved therapeutic
effects. It has been demonstrated that less than 1% of the administered nanoparticles can
accumulate at the target site [89]. These findings imply that higher delivery efficiency is
crucial for the achievement of lower NP dosages and reducing the cost of treatment where
the current nanoparticles production cost is high. In addition, the remaining molecules that
do not accumulate at the target tissue (~99%) are deposited in peripheral tissues, creating a
risk of side effects. Finally, this very low delivery rate highlights an understanding that the
exact delivery process is still unclear and further knowledge and research are needed to
improve the delivery rate well above ~1% [89,90].

3. Promising Lipid-Based Nanosystems for siRNA Drug Delivery to Breast Cancer

Breast cancer is a complex and heterogeneous disease that poses significant challenges
for treatment. Small interfering RNAs are a potent therapeutic approach that can silence
specific genes involved in tumor growth and progression. However, the delivery of
siRNAs to breast cancer cells remains a major obstacle. To overcome these challenges,
researchers have developed various nanosystems for siRNA delivery, including lipid-
based nanoparticles to protect it from degradation and deliver it to cancer cells. These
nanosystems have shown great potential for efficient and targeted siRNA delivery to breast
cancer cells [91,92].

3.1. Liposomes

One promising lipid-based nanosystem for siRNA delivery to breast cancer uses li-
posomes. Cationic liposomes have a positive charge that can interact with the negatively
charged siRNA molecules to form stable complexes. These complexes enter cancer cells
through endocytosis and release siRNA into the cytoplasm, where it can silence specific
genes involved in tumor growth and progression. The formulation of cationic liposomes
affects their physical and chemical properties, which in turn affects their ability to form
stable complexes with siRNA, protect siRNA from degradation in the blood stream, and
deliver siRNA into target cells. Factors that can affect the formulation of cationic lipo-
somes include the type and concentration of cationic lipid used, the presence of helper
lipids, the ratio of cationic lipid to siRNA, the method of preparation, and the size and
surface charge of the resulting liposomes [93]. Liposomes also offer an option of co-delivery
of the anticancer drug and nucleic acid. Recently, paclitaxel (PTX) and siRNA (siPlk1)
were co-encapsulated using cationic liposomes (CLs) to estimate the anticancer activity
of the developed formulations using MDA-MB-231 and MCF-7 cell lines. The developed
formulation showed sustained drug release for up to 168 h and significantly increased
the biological half-life of PTX when compared to the marketed PTX formulation and
enhanced its anticancer activity [94]. To counteract PTX resistance and enhance the anti-
cancer effects of PTX, another nanosystem was created that consisted of a redox-sensitive
cationic oligopeptide lipid (LHSSG2C14), a natural soybean phosphatidylcholine (SPC),
and cholesterol. This liposome-based system, called PTX/siRNA/SS-L, delivers both PTX
and anti-survivin siRNA, which specifically downregulates survivin overexpression. The
increased expression of survivin in breast cancer cells is a significant contributor to the
resistance of breast cancer cells to paclitaxel. The PTX/siRNA/SS-L system was found to
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have high encapsulation efficiency and released both PTX and siRNA quickly in response
to redox changes. In vitro studies on 4T1 breast cancer cells showed that PTX/siRNA/SS-L
exhibited elevated cellular uptake, endosomal escape, lower survivin expression, reduced
cell viability and wound healing rate, and higher apoptosis rate. Moreover, in vivo experi-
ments with 4T1 tumor-bearing mice demonstrated that PTX/siRNA/SS-L exhibited lower
toxicity and inhibited tumor growth and pulmonary metastasis [95]. Another approach
used to improve paclitaxel activity was to develop liposomes co-encapsulating paclitaxel,
crizotinib (CRI), and Bcl-xL siRNA [96]. A different approach utilizing liposomes for tar-
geted delivery of siRNAs into breast cancer has also been applied. Phage display was
used to identify the most selective and specific ligands that can deliver nanocarriers to the
tumor. The targeted liposomes, loaded with siRNA, were obtained by fusion of two types
of liposomes: one containing siRNA and fusion phage protein (pVIII coat protein), and the
other a MCF-7 cell-targeting peptide (DMPGTVLP). The presence of two fused proteins in
the final liposomal formulation was further confirmed by Western blotting. Significantly
downregulated PRDM14 gene expression followed by decreased PRDM14 protein syn-
thesis in the target MCF-7 cells was also observed indicating that this approach has the
potential for development as a new anticancer siRNA-based targeted nanomedicine [97].
The targeted liposomal system that encapsulated Lcn2 siRNA for selective targeting of
MCF-7 and MDA-MB-231 cell lines was recently developed. The overexpression of Lcn2 in
metastatic breast cancer promotes cancer progression by enhancing tumor angiogenesis
and inducing epithelial-to-mesenchymal transition. The liposomes were PEGylated and
decorated with octreotide peptide, which binds to somatostatin receptors overexpressed on
breast cancer cells. The optimized liposomes had a mean size of 152 nm, a PDI of 0.13, a
zeta potential of 4.10 mV, and high entrapment and loading efficiencies of 69.5% and 7.8%,
respectively. In vitro studies showed that the OCT-targeted liposomes achieved approx-
imately 55–60% silencing of Lcn2 mRNA. Additionally, the liposomes exhibited in vitro
anti-angiogenic activity by reducing VEGF-A and HUVEC migration levels in the MCF-7
and MDA-MB-231 cells, suggesting their potential utility in inhibiting angiogenesis in
MBC [98]. Liposomal drug delivery systems can also combine chemo- and immunotherapy
as well as targeting as shown in Figure 3. Cationic liposomes conjugated with two DNA
aptamers (called Aptm[DOX/IDO1]) to target cancer cells with the anticancer drug DOX
and IDO1 siRNA, which reverses the immunosuppressive tumor microenvironment (TME).
Aptm[DOX/IDO1] specifically delivered cargos to target sites via receptor-mediated endo-
cytosis with aptamer-ligand binding. It demonstrated that the developed platform inhibits
tumor metastasis by specifically targeting and efficiently delivering anticancer drugs to
metastatic cancer cells via systemic circulation. Aptm[DOX/IDO1] effectively facilitated an
immune response by inducing ICD and suppressing IDO1, promoting tumor regression in a
subcutaneous breast cancer model mouse. The formulation has many advantages including
site-specific drug delivery and accumulation in the targeted area, inhibition of PD-1/PD-L1
interaction, and inhibition of tumor metastasis by targeting circulating metastatic cancer
cells [99]. To modulate the tumor immune microenvironment, pH-sensitive liposomes
modified with cRGD and loaded with anemoside B4 (AB4) and programmed cell death
ligand 1 (PD-L1) small interfering RNA (siP) were recently developed. This approach
successfully co-delivered both AB4 and siP with good stability and targeted distribution in
tumors, leading to improved immunosuppression and attenuation of tumor growth in two
animal models. The results showed that cRGD surface modification of liposomes enhances
cellular uptake and liposomes accumulation in the tumor tissue, followed by tumor growth
inhibition against lung and breast cancer in vivo. Additionally, the co-delivery of AB4
and siP in AB4/siP-c-L resulted in the silencing of the PD-L1 gene and changes in the
tumor microenvironment, which allowed the immune system to react better against cancer
and induced long-term memory effects. This targeted nanovesicle approach has great
potential for clinical application and offers a well-controlled design for investigating the
effectiveness of combining herbal monomer components with various immunotherapies
such as vaccines, cytokines, and antibodies [100].
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3.2. Lipid Nanoparticles

The concept of electrostatic encapsulation of siRNA was also utilized in developing
other nanocarriers, including cationic solid lipid nanoparticles (cSLN). The cSLN, based
on 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine, were prepared using emulsification
solidification methods and characterized by paclitaxel and siRNA encapsulation efficiency.
The use of cSLN increased the cellular uptake of fluorescently labeled dsRNA in human
epithelial carcinoma (KB) cells. For the co-delivery of therapeutic siRNA, the human
MCL1-specific siRNA (siMCL1) was complexed with PcSLN. In KB cells treated with
siMCL1 complexed to PcSLN, MCL1 mRNA levels were significantly reduced and in vitro
anticancer effects in KB cells were observed. Additionally, intratumoral injection of PcSLN
complexed with siMCL1 significantly inhibited tumor growth in KB cell-xenografted
mice [39].

Another promising lipid-based nanosystem for siRNA delivery to breast cancer in-
cludes LPNs. LPNs combine the advantages of both liposomes and polymers to achieve
efficient siRNA delivery. The lipid bilayer can protect siRNA from degradation and enhance
cellular uptake, while the polymer core can enhance siRNA encapsulation and stability.
A recent study demonstrated the potential of LPNs for targeted siRNA delivery to breast
cancer cells. Hybrid nanoparticles (HNPs) were created using a tri-block copolymer of PLA-
PEG-PLA and DDAB cationic lipids. The method for preparing HNPs/siRNA complexes
was simple and efficient, utilizing electrostatic interactions with lipids likely occurring
at the interface of the hydrophilic shell and hydrophobic core. The HNPs demonstrated
excellent biocompatibility, were easily internalized by MCF7 cells, successfully delivered
siRNA into cells, and significantly and specifically downregulated the targeted IGF-1R
gene [101]. Thus, these HNPs acting as siRNA delivery vehicles led to successful in vitro
gene silencing and hold potential for use as effective nanomaterials for siRNA delivery
with potential for reduced side effects in vivo. Recently, hybrid nanoparticles composed of
phospholipids and PAMAM dendrimers were also developed to reverse multidrug resis-
tance in cancer. The downregulation of P-glycoprotein (P-gp) using small interfering RNA
(siRNA) was observed in breast (MDA-MB-231 and MCF-7) cancer cell lines. Nanoparticles
containing generation 4 (G4) polyamidoamine (PAMAM)-PEG2k-DOPE and PEG5k-DOPE
were surface modified with monoclonal antibody 2C5 (mAb 2C5) to target cancer cells. This
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active targeting of tumors results in increased drug and siRNA accumulation at the tumor
site, thus minimizing off-target effects. In vitro studies have shown that the micelles have a
higher cellular association and effectiveness [102,103]. Another targeted siRNA therapy
for triple-negative breast cancer was developed using cationic lipid-assisted poly(ethylene
glycol)-b-poly(d,l-lactide) (PEG-PLA) nanoparticles as the carrier. The study showed that
only in TNBC cells that overexpress c-Myc, delivery of siRNA targeting cyclin-dependent
kinase 1 (CDK1) with the carrier (NPsiCDK1), induced cell death through RNAi-mediated
CDK1 expression inhibition, which indicates the synthetic lethality between c-Myc and
CDK1 in TNBC cells. The NPsiCDK1 also suppressed tumor growth in mice bearing
SUM149 and BT549 xenografts with no systemic toxicity or activation of the innate im-
mune response, demonstrating the therapeutic potential of such nanoparticles loaded with
siCDK1 for c-Myc overexpressed TNBC [64].

In summary, lipid-based nanosystems are a promising approach for siRNA delivery
to breast cancer. These nanosystems can encapsulate siRNA, protect it from degradation,
and deliver it to cancer cells. Nowadays, research on siRNA delivery to cancer focuses on
combining multiple strategies to utilize the advantages of different delivery systems and to
thus minimize the off-target effect. However further research is needed to optimize these
lipid-based nanosystems for clinical translation.

4. Lipid-Based Nanosystems in Clinical Development for siRNA Drug Delivery to
Breast Cancer

Lipid-based NPs have demonstrated promising outcomes in clinic and clinical tri-
als [104–106]. siRNA-based drug delivery strategies signify an avenue for more effective
and less toxic cancer therapy compared to chemotherapy. siRNA drugs may be applied in
combination with standard therapy approaches to create a personalized and effective ther-
apy result for breast cancer patients [107]. siRNA drugs could be utilized integrated with
chemotherapy or immunotherapy to minimize systemic toxicity to improve the efficacy of
siRNAs targeting resistance pathways in tumor cells [20,68,108].

The phase I trial investigated the best dose and side effects of EphA2-targeted DOPC
(1,2-dioleoyl-sn-glycero-3-phosphatidylcholine) encapsulated siRNA (EphA2 siRNA for
the treatment of patients with metastatic, advanced, and recurrent solid tumors. EphA2
siRNA reduced tumor growth by downregulating the gene that causes tumor growth.
EphA2 siRNA was delivered using neutral liposomes. By intravenous injection in patients
with advanced, metastatic, recurrent solid tumors, it may be applied for breast cancer
treatment [108,109].

In 2014, a liposomal siRNA drug Atu027 was produced by Silence Therapeutics GmbH,
targeting protein kinase 3. This siRNA drug was evaluated in a dose-escalation phase I
clinical trial and resulted in disease stabilization in 41% of patients [110].

A lipid-based drug with two siRNAs targeting both VEGF and kinase spindle protein
(KSP) (known as ALN-VSP) was tested on 41 patients with solid tumors in a phase I study.
From a safety viewpoint, ALN-VSP was generally well tolerated and favorable. The result
was promising with most of the patients having stabilized disease for approximately 8–12
months [111].

Another lipid-based siRNA drug called EnCore lipid NPs (DCR-PHXC-101) has been
developed. DCR-PHXC-101 downregulates the expression of the transcription factor Myc,
which is overexpressed in many solid tumors including breast cancer in a Phase 1 dose-
escalation study [112]. Several lipid-based siRNA drugs in different phases of clinical trials
for the treatment of solid tumors may be applied for breast cancer therapy (Table 3) [20,108].
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Table 3. Lipid-based siRNA drugs are in different phases of clinical trials for the treatment of
solid tumors.

siRNA Drug Delivery
System Target Cancer

Type
Phase,
Status Company NCT Ref.

siRNA-EphA2 Liposomes EphA2 Advanced
Solid tumors

I, Active, Not
Recruiting

M.D. Anderson
Cancer Center 01591356 [113]

DCR-PHXC-101 Lipid-based
NPs Myc Solid tumors Terminated Dicerna

Pharmaceuticals 02110563 [114]

Atu027 Liposomes Protein
kinase 3 Solid tumors I, Completed

Silence
Therapeutics

GmbH
00938574 [110]

ALN-VSP Lipid-based
NPs VEGF, KSP Solid tumors I, completed

Completed
Alnylam

Pharmaceuticals
00882180
01158079 [115,116]

TKM-080301 Lipid NPs PLK1 Advanced
Solid tumors II, completed

Arbutus
Biopharma

Corporation

01262235
02191878 [117,118]

For clinical evaluation of siRNA-based therapy, clinical trials must monitor and pro-
vide data on RNA-NP pharmacokinetics/pharmacodynamics, dosage and dose frequency,
administration route, immunogenicity, bioavailability, biodistribution, biodegradation,
and elimination pathway for FDA review as well as the physiochemical properties of the
RNA-NP, including charge, size, and how it reacts to environmental factors such as pH,
salt concentration, and temperature. In addition, the manufacturing processes and controls,
such as stability, sensitivity, and purity/quality of the RNA-NPs during production and
storage, must be assessed. The RNA-NP’s safety and efficacy depend on the targeted
disease, but the treatment should have a significant therapeutic effect with minimal adverse
side effects. Due to the extensive preclinical and clinical assessments required, along with
the variation in acceptable efficacy and safety parameters, the number of FDA-approved
RNA-NPs is currently limited [119–121].

Despite these challenges, three RNA-NPs have successfully met these requirements
and gained FDA approval for public use in the United States. One of these is Onpattro® (or
patisiran), developed by Alnylam Pharmaceuticals Inc., which treats polyneuropathy asso-
ciated with autosomal dominant hereditary transthyretin amyloidosis (hATTR). Onpattro®

consists of liposome-encapsulated siRNA that inhibits the expression of transthyretin (TTR),
a protein released by the liver to transport thyroid hormone, which can undergo mutations
causing hATTR [122]. Onpattro® liposomes contain DLin-MC3-DMA (MC3), cholesterol,
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), and PEG, with a diameter range of
60–100 nm [123]. After intravenous (IV) administration, Onpattro® NPs localize in the
liver via the RES, where they release siRNA in hepatocytes to inhibit TTR production and
secretion. A crucial factor contributing to Onpattro’s® success is the incorporation of the
pH-sensitive ionizable lipid MC3. As the pKa of MC3 is ~6.5, matching the pH of the late
endosome/lysosome, the liposome can fuse to the endosomal membrane after uptake and
release therapeutic siRNA into the cytoplasm [124]. However, the need for IV infusion
every three weeks limits the ease and widespread use of this RNA-NP therapy, even though
it can suppress TTR expression by >80% [121,124].

While a few RNA-NPs have demonstrated success in clinical settings, most RNA-NPs
do not progress through or complete clinical trials due to safety concerns and toxicity
observed in both non-human primates and humans. To address these challenges and
enhance the successful translation of RNA-NPs into clinical applications, there is a need
for reliable methods to effectively and stably incorporate RNA, ensuring a low surface
charge post-incorporation. Additionally, RNA-NPs should possess high stability, have a
diameter of less than 100 nm to facilitate optimal cellular uptake, and be manufactured
through established, large-scale, sterile processes [27].
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5. Conclusions and Future Perspective

Breast cancer therapy utilizing lipid-based nanosystems significantly improves the
delivery of siRNA to tumor cells. This approach has important advantages such as low
therapeutic doses, reduced cytotoxicity to healthy cells, and inhibition of resistance to
chemotherapy. Lipid-based nanosystems delivering siRNA to tumor cells can regulate the
expression levels of genes associated with cell growth, proliferation, cell death, invasion,
and metastasis. Fabrication of novel lipid-based siRNA nanosystems and novel targeting
ligands may enhance breast cancer therapy as well as treatments for other diseases [125].

Recently, four siRNA drugs (patisiran, givosiran, lumasiran, and inclisiran) have
received FDA approval for various diseases. siRNA drugs are in various phases of clinical
trials based on different delivery systems and have been used to cover a wide range of
pathologies including breast cancer [126].

Lipid nanosystems have enhanced the therapeutic potential of siRNA in several can-
cers including breast cancer. LNPs such as liposomes SLN, NLS, and NEs are suitable for
incorporation of the siRNA. LNPs have efficiently delivered the siRNA drugs by stabilizing
nucleic acid, extending the use of siRNA for numerous applications, and enhancing therapy
for breast cancer. For further improvement in bioavailability, enhanced circulation in the
blood, delivery to the target organ, surface functionalization of LNPs such as PEGylation,
and introduction of surface ligands on the LNPs have all been effective approaches. Engi-
neered strategies to ‘shed’ the incorporated targeting/functional moieties may improve the
therapeutic effects once the carrier reaches its target [18].

Bone marrow deposition of LNPs utilized to treat solid tumors may prompt immune
activation that could contribute to the antitumor effect and hinder the biodistribution of
LNPs to tumors and reduce the therapeutic effect from immune activation [18].

siRNA-loaded NPs have shown promise due to their potential for gene silencing
effects in cancer therapy. However, monitoring of in vivo release and distribution of siRNA
is still challenging. To improve monitoring, the use of different imaging techniques, such
as fluorescence imaging and CT imaging, may be an effective approach [127].

The LNP consisting of ionizable lipid, helper lipid, cholesterol, and PEG-encored
lipid can stably encapsulate siRNA and improve release into the cytoplasm. Recently,
noteworthy advancements were made in LNP research starting from the modification of
LNP constituents, their formulation, and their application in breast cancer therapy to create
a desirable composition and size, with a high siRNA encapsulation efficiency and a saleable
product [128].

Lipid-based nanosystems are a promising strategy for siRNA delivery to breast tumors.
These nanosystems can encapsulate siRNA efficiently, shield it from degradation, and
deliver it effectively to cancer cells. Research focusing on siRNA delivery to breast tumors
in a combination of multiple modalities to utilize the advantages of different delivery
systems minimizing the off-target effects can combat breast cancer to save lives by reducing
mortality rates.

Lipid-based nanocarriers such as SLNPs, liposomes, NLCs, and conjugates may be
developed specifically for enhanced siRNA delivery and improved in vivo efficacy. Lipid-
based NPs utilized for therapeutic approaches for siRNA delivery may be effectively used
for targeting specific genetic elements of breast and other cancer cells leading to precise
and efficient killing of cancer cells to inhibit gene expression or translation of cancer-
allied proteins, reducing cell proliferation and tumor growth. This approach may improve
greatly the stability and circulation time of siRNA molecules in the body, permitting
more efficient therapeutic targeting of cancer cells with a potential to regulate the tumor
microenvironment with decreased tumor immunosuppression.
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Abstract: Sufficient ocular bioavailability is often considered a challenge by the researchers, due
to the complex structure of the eye and its protective physiological mechanisms. In addition, the
low viscosity of the eye drops and the resulting short ocular residence time further contribute to the
observed low drug concentration at the target site. Therefore, various drug delivery platforms are
being developed to enhance ocular bioavailability, provide controlled and sustained drug release,
reduce the number of applications, and maximize therapy outcomes. Solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs) exhibit all these benefits, in addition to being
biocompatible, biodegradable, and susceptible to sterilization and scale-up. Furthermore, their
successive surface modification contributes to prolonged ocular residence time (by adding cationic
compounds), enhanced penetration, and improved performance. The review highlights the salient
characteristics of SLNs and NLCs concerning ocular drug delivery, and updates the research progress
in this area.

Keywords: lipid nanoparticles; mucoadhesion; ocular bioavailability; surface modification

1. Introduction

According to World Health Organization, the prevalence of eye conditions is expected
to increase in the following years as a result of population aging, the associated rise of
non-communicable diseases (diabetes, cardiovascular diseases), along with various lifestyle
factors, such as an unhealthy diet, smoking, extensive usage of digital devices, etc. [1–4].
Furthermore, a recent analysis for the Global Burden of Disease Study forecasts that by
2050, around 474 million people will suffer from moderate to severe visual impairments,
among which 61 million will develop complete blindness [5]. Although the human eye is
one of the most accessible organs in terms of drug application, efficient ocular delivery is
still a goal to be achieved. Possible explanations lie in the anatomical and physiological
characteristics of the eyeball and its protective mechanisms, as well as in the technological
properties of the ocular formulations [6]. According to location, the human eye may
be distinguished into two segments: anterior, presented by the cornea, conjunctiva, iris,
ciliary body, lens, and aqueous humor, and posterior, consisting of the sclera, choroid,
retina, vitreous humor, and optic nerve [7,8]. The preferred route of administration in
ophthalmology—topical instillation—provides the possibility for treatment of anterior
segment diseases such as blepharitis, dry eye disease, conjunctivitis, ocular infections
or injuries [9], however, reaching the posterior part of the eye and ensuring sufficient
therapeutic concentration thereby is still a challenge. Eye drops, representing the majority of
ophthalmic formulations, are relatively easy for self-administration, characterized by high
patient approval, cost-effectiveness, and well-established formulation and manufacturing
processes [10]. Their main limitations include their intrinsic low viscosity, a short ocular
contact time, and the relatively large volume of applied drops, often leading to drug loss
via physiological pathways [11–13].
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Additionally, ocular defense mechanisms such as reflex blinking, tear turnover, na-
solacrimal drainage, and static and dynamic anatomical barriers further hinder drug
absorption, resulting in less than 5% of the instilled dose attaining deeper ocular tis-
sues [14,15]. In ocular surface diseases, drug bioavailability may be partially improved
through modulating the formulations’ viscosity, by including viscosity enhancers or using
in situ gel-forming systems/semisolid dosage forms [16]. However, this strategy does not
apply to posterior segment diseases. Unfortunately, diseases affecting the back part of
the eye, e.g., age-related macular degeneration, diabetic retinopathy, and glaucoma, may
often cause visual impairment or blindness unless treated efficiently [17,18]. The therapy
of posterior segment eye diseases usually includes intravitreal injections, which enable
drug delivery to the vitreous cavity. However, the invasive nature of this approach and the
potential associated complications (e.g., endophthalmitis, retinal detachment) determine
the low patient compliance [19,20]. Reaching the posterior segment via the peroral or
intravenous route has also been associated with limited therapeutic success, due to the
presence of blood–ocular barriers (the blood–retinal barrier, in particular), in addition to
the potential risk of occurrence of side effects [21]. Altogether, these factors determine the
necessity of further progress in the field of ocular delivery by improving the technological
characteristics of conventional ophthalmic formulations, exploring advanced drug delivery
systems, or combining both strategies.

Various nanoscale drug delivery systems, such as liposomes [22,23], niosomes [24,25],
solid lipid/polymeric nanoparticles [26–29], nanostructured lipid carriers [30,31], nanomi-
celles [32,33], microemulsions [34,35], and dendrimers [36], have been successfully devel-
oped for ocular delivery purposes, and have been reported to achieve enhanced bioavail-
ability, sustained and controlled drug release, and a reduction in the number of applications,
as well as side effects. SLNs and NLCs raise great interest due to their excellent biocom-
patibility and tolerability, tunable physiochemical characteristics, and scaling-up capabili-
ties [37–39]. Developed for the first in the 1990s by Professor Müller and Professor Gasco,
SLNs represent a mixture of solids at ambient temperature and and lipids at physiological
temperatures, dispersed in an aqueous phase containing surfactants [40,41]. Approximately
10 years later, a second generation of lipid nanoparticles was proposed—NLCs,—which
additionally include liquid lipid(s) in their structure [42,43]. Both drug delivery systems
are feasible carriers for hydrophilic and hydrophobic drugs. They are characterized by
their long-term stability and favored uptake through biological membranes, owing to their
lipid nature and nano dimensions [44,45]. The possibilities to impart mucoadhesiveness by
surface coating with various polymers, or by incorporating them into semisolid/in situ
gelling/formulations, further promotes their beneficial effects in ocular therapeutics.

The current review aimed to summarize the recent research progress of solid lipid
nanoparticles and nanostructured lipid carriers in ocular delivery. In the first part, the
anatomical and physiological features of the human eye and potential delivery routes have
been discussed. The second part provides an overview of the specific characteristics of SLNs
and NLCs, with respect to their compositions, suitable physicochemical properties tailored
for effective ocular delivery, surface modification strategies, and sterilization feasibility.
Recent advances in this area have also been outlined.

2. Eye Anatomy, Barriers and Routes in Ocular Drug Delivery

Generally, human eye structures are distinguished according to their location in the
eyeball, where the eye is divided into two segments (anterior and posterior) (Figure 1A), or
according to their functionalities, where it is divided into three different layers—an outer
(fibrous), middle (vascular) and inner (neuronal) coat [46]. The outer layer (fibrous tunic)
consists of the cornea (at its front) and sclera, occupying five-sixths of the coat [47]. Its main
functions are related to maintaining the shape of the eyeball, and providing protection to
the inner ocular tissues [48]. The middle layer, also referred to as uvea, is composed of
the iris and the ciliary body (in the anterior), and the choroid, forming the posterior uvea
(Figure 1) [49]. The retina represents the innermost layer, which is involved in the visual
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perception process by converting light energy into neuronal signals, which are transmitted
to the visual cortex of the brain by the optic nerve [50,51].
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Figure 1. An overview of (A) ocular anatomy and routes for administration. (B) Ocular drug delivery
barriers. * P-glycoprotein; ** Multidrug-resistant protein; *** Breast cancer resistance protein.

For better perception, the anatomical and physiological features of the human eye will
be discussed from the anterior to posterior segment.
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2.1. Anterior Segment of the Eye
2.1.1. Tear Film

The tear film is the first hindrance for topically applied drugs, often referred to
as a dynamic (physiological) ocular barrier (Figure 1B) due to its high turnover rate,
(0.5–2.2 µL/min), determining a short ocular residence time, and limited drug penetra-
tion ability [9,52,53]. Spread onto the corneal and conjunctival epithelium, it provides
a smooth and lubricated optical surface, prevents the occurrence of infections due to its
antimicrobial compounds (lysozyme, lactoferrin, lipocalin), or by washing out foreign sub-
stances, and supplies oxygen and nutrients to the cornea [54]. Traditionally, the tear film is
described as a three-layered structure—an outer lipid layer produced by the Meibomian
glands, a middle aqueous layer, and an inner mucous layer secreted predominantly by the
conjunctival goblet cells [55]. However, a more recent theory considers that the tear film con-
sists of two layers—an outer lipid layer and an inner muco-aqueous, gel-like layer [55–57].
Regarding ocular delivery, both layers exhibit barrier functions, the lipid one for hydrophilic
drugs and the muco-aqueous layer for hydrophobic drugs [58]. Other precorneal factors
negatively influencing ocular bioavailability include drug binding with proteins/mucin in
the tear film, as well as drug loss via nasolacrimal drainage [53]. The latter is affected by the
volume of applied drops (larger volumes correspond to more significant loss) and the blink
reflex [9,12].

2.1.2. Cornea

The cornea is the main route for drug absorption after topical instillation, often re-
ferred to as a static (anatomical) barrier (Figure 1B). It is a transparent, highly specialized,
avascular structure comprising six layers: the corneal epithelium, Bowman’s layer, stroma,
Dua’s layer, Descemet’s membrane, and endothelium [59,60]. Among these, the epithelium,
the stroma, and the endothelium have a primary role in the drug/nanocarrier transport.
Corneal epithelium is a five to seven-layered structure, composed of squamous, wing and
basal cells [61]. Its lipophilic nature, and the existing intercellular tight junctions (zonula
occludens) hinder the entry of hydrophilic substances and macromolecules [14,62]. Addi-
tionally, the presence of efflux transporters, such as breast cancer resistance protein (BCRP),
multidrug resistance-associated proteins (MRPs), P-glycoprotein (P-gp), and enzymes (e.g.,
cytochrome P450), acting as metabolic barriers, may further decrease ocular drug bioavail-
ability [58,63,64]. Beneath the epithelium is the stroma, which occupies approximately 90%
of the corneal thickness [65]. It is a hydrophilic, gel-like structure made of collagen fibrils
and mucopolysaccharides, and represents the main obstacle for the permeation of lipophilic
compounds [66]. The corneal endothelium is a single layer composed of hexagonal-shaped
cells involved in water transport towards the anterior chamber, as well as the maintenance
of corneal transparency [67]. Unlike the epithelial layer, the endothelial junctions are con-
sidered “leaky” and enable the transport of macromolecules [11]. In general, drugs are
transported across the cornea via transcellular (for lipophilic compounds) and paracellular
(for hydrophilic molecules) pathways [68]. Factors affecting corneal absorption include
a drug’s molecular weight (compounds up to 500 Da are able to permeate across the ep-
ithelium), lipophilicity (facilitated for lipophilic compounds; preferably log D values of
2–3), degree of ionization (non-ionized forms penetrate more easily), and the charge of the
ionized species (facilitated penetration of cationic molecules) [21,69–71].

2.1.3. Conjunctiva

The conjunctiva is a transparent mucous membrane, which overlays the anterior
ocular surface and the interior of the eyelids. It is involved in the production of mucus and
the maintenance of the tear film, ensuring the lubrication of the eye, and also preventing
the entrance of exogenous substances or microorganisms [53,72]. The conjunctiva may be
divided into three areas: the bulbar conjunctiva, covering the anterior part of the sclera;
the conjunctival fornices, forming the cul-de-sac; the palpebral conjunctiva located on the
posterior eyelid’s surface [50]. Generally, the cul-de-sac is estimated to retain a volume
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of up to 30 µL—a capacity insufficient to preserve the entire volume of an applied drop
(most often in the range of 40–70 µL), which leads to partial drug loss immediately after
instillation [67]. The conjunctiva is considered to be more permeable when compared to
the cornea, especially in terms of hydrophilic compounds, due to the wider intercellular
spaces between the junctions in its structure, allowing for the passage of larger compounds
(5000–10,000 Da), as well as owing to its bigger surface area. Nevertheless, conjunctival
drug absorption is considered ineffective, mainly due to its high vascularity [71,73,74].
Conjunctival blood and lymph circulation functions as a dynamic barrier, leading to drug
clearance and systemic absorption, hence the observed low drug concentration in the
anterior chamber. Additionally, the existing transporters (amino acids transporters, P-gp)
acting as efflux pumps further contribute to this process [63,75].

2.1.4. Iris

The iris is a circular, colored, contractile structure, which surrounds an aperture in its
center (the pupil) (Figure 1A). It regulates the constriction or dilation of the pupil according
to the light intensity, via parasympathetic/sympathetic activation, respectively [76]. It
contains pigmented epithelial cells in its structure, enabling drug accumulation and al-
tering its pharmacokinetics [77]. The melanin-containing cells in the eye (localized to the
iris/ciliary body at the front and in the choroid/retinal pigment epithelium in the posterior)
can bind drug molecules via electrostatic and van der Waals forces, as well as by charge
interactions. The formed complex may be considered a “reservoir”, releasing drugs at a
slow rate, therefore, it can also be used in a drug-targeting approach to achieve prolonged
action in the corresponding (pigmented) ocular areas [78–80].

2.1.5. Ciliary Body

The ciliary body is part of the middle (vascular) layer in the eye and is involved in the
maintenance of the shape of the lens via the ciliary muscle, and in the production of aqueous
humor [53,81]. Furthermore, the ciliary epithelium and the endothelial cells of the iris
blood vessels form the blood–aqueous barrier (BAB), which prevents molecules’ entrance from
systemic circulation to the aqueous humor [82]. The tight junctions in its structure limit the
paracellular transport of large hydrophilic molecules, unlike small lipophilic compounds,
which can penetrate via the transcellular pathway, and are subsequently eliminated by the
uveal blood flow and aqueous humor turnover [49,78,83,84]. Alternatively, the elimination
of hydrophilic compounds from the anterior chamber is carried out solely by the aqueous
humor through Schlemm’s canal, which determines their slower clearance [67,78].

2.1.6. Lens

The lens is located behind the iris and the pupil (Figure 1A), and is characterized by its
transparent appearance, biconvex shape, great index of refraction, and high concentration
of proteins in its structure (i.e., crystallins). Its main functions include light transmission
and focusing it onto the retina to obtain a distinct image [85,86].

2.2. Posterior Segment of the Eye

The sclera, the choroid, and the retinal pigment epithelium (RPE) represent the poste-
rior static ocular barriers used for drug delivery [63].

2.2.1. Sclera

The sclera is a white, dense tissue, made of collagen fibers (predominantly type I, and
<5% type III) and proteoglycans [87]. The porous areas within the collagenous, aqueous
medium determine the relatively easy passage of hydrophilic molecules when compared
to hydrophobic ones. In addition to drugs’ lipo/hydrophilicity, other physicochemical
characteristics, such as their charge, molecular weight, and molecular radius, also influence
scleral permeability [19]. The proteoglycan matrix, negatively charged at physiological pH,
hinders the permeation of positively charged compounds as a result of the electrostatic
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interactions in between [88]. Regarding the impact of molecular weight/radius, studies
showed that molecules up to 70 kDa are able to permeate across the sclera [89], and
there is an inverse relationship between radius and drug permeability—smaller molecules
penetrate more easily [88].

2.2.2. Choroid

The choroid is a thin, vascularized, pigmented tissue, involved in the transport of
nutrients and oxygen to the retina [90,91]. Concerning drug delivery, it may be considered
as both a static and dynamic barrier (Figure 1B), the latter owing to its high blood flow rate,
determining rapid drug elimination [7,92]. Choroidal blood vessels are characterized by
fenestrated walls, which enable drugs to reach the extravascular space of the choroid. Still,
their further distribution towards the retina is limited by the presence of the blood–retinal
barrier (BRB) [14,78].

2.2.3. Retina

The retina is a thin, transparent tissue lining the inner ocular surface [50]. It is char-
acterized by a complex structure—histologically, it can be divided into ten layers. The
outermost layer, the retinal pigment epithelium, represents a significant barrier to ocular
drug delivery, due to the existing tight junctions between the epithelial cells, hindering
paracellular drug transport [93,94]. The retinal pigment epithelium participates in the for-
mation of the blood–retinal barrier (the outer BRB), whereas the retinal capillary endothelial
cells constitute the inner BRB [95].

2.2.4. Vitreous Body

The vitreous body is a clear, avascular gel-like substance occupying the majority of the
eyeball (Figure 1A) [96]. It performs several important functions, including maintaining
the shape of the eyeball, acting as a shock absorber, protecting the retina from mechanical
stress, and participating in light transmission towards the retina [97]. The vitreous body
may be also considered as an area for drug delivery to the posterior eye segment. Intravit-
real permeation depends on drugs’ physicochemical characteristics, such as their charge
(facilitated for negatively charged molecules, which do not interact electrostatically with the
negatively charged vitreous humor constituents), size (small molecules diffuse easily), and
lipophilicity (easier when compared to hydrophilic drugs). The last two parameters also
influence drug clearance—larger and hydrophilic molecules are characterized by a longer
half-life, due to their elimination via the anterior route (through the aqueous humor), in
contrast to small lipophilic compounds, which are cleared via the posterior route (crossing
the BRB) [19,21,69].

2.3. Alternative Routes of Ocular Delivery

The complex anatomical and physiological features of the eye elucidate the challenges
in ocular drug delivery from a physiological point of view. To achieve higher therapeutic
concentrations in the posterior segment, alternative routes of administration have been
exploited, the most common of which are presented in Table 1. However, most of them
(excluding the oral route) are invasive, and are not applicable by the patients themselves,
therefore, research efforts are focused on the elaboration of advanced drug delivery plat-
forms, aiming to improve drug bioavailability and therapeutic outcomes for both anterior
and posterior eye segment diseases.
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Table 1. Alternative routes of ocular drug delivery.

Alternative
Route Specifics Benefits Limitations References

Sub-
conjunctival

(SC)

SC route includes SC injections,
administered in the lower or

upper fornix, as well as
instillation of SC implants;
Clinical indications include

corneal/scleral
lesions, glaucoma,

cytomegalovirus rhinitis.

Possibility to ensure high
local drug concentration;
Improved penetration of

water-soluble drugs due to
the bypassing of the
corneal epithelium.

Conjunctival and choroidal
blood/lymphatic flow;
Temporary pain at the

injection site;
Local irritations.

[98,99]

Intracameral
(IC)

Injections applied in the anterior
chamber, often as a

prevention of postoperative
endophthalmitis after

cataract surgery;
Delivery of antibiotics,

steroids,
anesthetics.

Lower drug
concentration needed;

Decreased side effects vs.
topical steroid application;

Increased anesthesia
during surgery when
co-administered with

topical anesthetics.

Potential complications,
such as toxic anterior segment
syndrome, corneal endothelial

toxicity.

[100–102]

Transscleral

Drug delivery to the posterior
segment of the eye;

The sclera is thinnest
around the equator,

therefore, it is the preferred
area for injection.

Obviates the corneal
and conjunctival barrier;
Less-invasive procedure

compared to
intravitreal injections.

Static barriers (sclera, choroid,
retina) and dynamic barriers

(choroidal blood flow) reduce
drug bioavailability;

Necessity of high doses.

[84,99,103]

Supra-
choroidal

(SC)

Drug injection under the choroid,
targeting the following areas:

choroid and retina;
Microneedles have also been

used for drug deposition into the
SC space;

Clinical indications include:
posterior uveitis,
macular edema.

Obviates the sclera and
improves drug

bioavailability within the
choroid and retina;

Effective for the delivery of
small molecules; Lower

risk of intraocular
pressure spikes.

Choroidal circulation;
Risk of occurrence of

choroidal hemorrhage
or detachment.

[99,104,105]

Intravitreal
(IV)

Direct injection to the vitreous
body targeting posterior

eye segment;
Drug delivery of vascular
endothelial growth factor

(VEGF) inhibitors, antibiotics,
corticosteroids;

IV injections are applied in the
therapy of age-related macular
degeneration, cytomegalovirus

retinitis,
diabetic macular edema,
retinal vein occlusions.

Bypasses the BRB;
Provides high local

therapeutic concentration
and prolonged drug levels;

Reduced systemic
side effects.

Repetitive instillations lead to
serious ocular complications
and patient non-compliance.

Eye discomfort and
pain were reported following

IV injections.

[53,106]

Systemic/Oral

Drugs are administered orally or
intravenously;

Therapeutic applications include:
scleritis,

cytomegalovirus retinitis.

Acceptance by the patients.

Low bioavailability (<2%)—
barrier role of BAB, BRB;
Necessity of high doses,

corresponding to increased
risk of side effects.

[107]

3. Feasibility of Lipid Nanoparticles in Ophthalmology

Lipid-based drug delivery systems, such as nanoemulsions, liposomes, niosomes,
cubosomes, and lipid nanoparticles, have attracted an enormous scientific interest, due to
their biocompatibility, biodegradability, and tolerability [108]. An excellent review summa-
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rizing the feasibility of all the aforementioned lipid-based nanocarriers in ophthalmology
is provided here [109]. Emerging initially as an alternative to liposomes in terms of their su-
perior physical stability, cost-effective process and materials, as well as being alternatives to
polymeric nanoparticles, due to the absence of toxic degradation products, [37] SLNs have
been explored as drug delivery systems for various routes of application—dermal [110,111],
ocular [112,113], pulmonary [114], parenteral [115], nasal [116], and oral [117]. Another ad-
vantageous characteristic of the lipid nanocarriers is the possibility of encapsulating more
than one therapeutic agent, leading to the elaboration of dual or multidrug lipid nanoparti-
cles, characterized by a synergetic effect and improved therapeutic performance [118]. In
ophthalmology, in particular, SLNs and the second-generation lipid particles—NLCs—are
considered especially beneficial due to their ability to provide sustained drug release by act-
ing as drug depot formulations, and enhance corneal penetration due to the corresponding
activity of non-ionic surfactants included in their structure [119,120]. The latter may further
contribute towards an improved ocular bioavailability, by opening the tight junctions
between corneal epithelial cells, facilitating paracellular drug transport, and by inhibiting
P-glycoprotein activity, limiting drug efflux [121–123].

The lipid nanoparticles’ transcorneal penetration mechanism has been studied by
Nagai et al., according to which the process is implemented via energy-dependent endo-
cytosis. The authors proposed three endocytosis pathways (clathrin-dependent, caveolae-
dependent and macropinocytosis) as possible mechanisms for penetration of indomethacin-
loaded nanoparticles, with an emphasis on the caveolae-dependent endocytosis [124].
Undoubtedly, nanoparticles’ permeation and internalization are highly affected by their
physicochemical characteristics, such as size, size distribution pattern, zeta potential, and
subsequent surface modification. Generally, nanoparticles up to 200 nm are reported to
penetrate across the cornea [125]. In the case of periocular application, the excessive down-
sizing of their dimensions (e.g., ≈20 nm) may lead to their rapid clearance, as reported
by Amritte et al. [126]. In their study Niamprem et al. investigated the penetration of
fluorescent dye (Nile red)-loaded NLCs across porcine cornea, as a function of their size
and surface modifications. According to the authors, NLCs with a size of 40 nm exhibited
enhanced penetration when compared to larger (150 nm) nanoparticles.

Regarding their internalization, non-modified NLCs had a higher uptake in porcine
corneal epithelial cells than PEG- and stearylamine-modified nanocarriers. The latter may
be attributed to their superior mucoadhesive properties, arising from hydrogen boding
between PEG molecules and mucin glycoproteins, or from ionic interactions between
cationic stearylamine and anionic groups present in mucin regions [127].

Ocular drug delivery is also affected by the zeta potential of the nanocarriers. Positive
values contribute to an increased ocular contact time, as a result of the occurred electro-
static interactions with the negatively charged corneal epithelium [125]. Regarding zeta
potential’s impact on the colloidal stability of the nanocarriers, generally, absolute values
of 30 mV are considered to be sufficient to provide repulsion between the nanoparticles in
the dispersion and prevent their aggregation [128].

3.1. Lipid Nanoparticles—Structural Features and Recent Progress in Ocular Therapeutics

According to their main structural components, lipid nanoparticles may be distin-
guished into solid lipid nanoparticles (composed of solid-state lipids under ambient and
physiological conditions) and nanostructured lipid carriers (additionally containing liquid
lipids in their composition). In both cases, the lipid constituents are dispersed in an aqueous
medium stabilized by surfactants [108]. Their specific structures and types are illustrated
in Figure 2.
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Figure 2. Different types of solid lipid nanoparticles and nanostructured lipid carriers.

3.1.1. Solid Lipid Nanoparticles

Solid lipid nanoparticles are generally sphere-shaped colloidal systems, ranging be-
tween 50 and 1000 nm, and have been successfully explored as carriers for both hydrophilic
and hydrophobic drugs [129]. The most frequently used solid lipids for their preparation
include triglycerides (tristearin (Dynasan 118), tripalmitin (Dynasan 116), trimyristin (Dy-
nasan 114)), a mixture or mixtures of mono-, di- and triglycerides (glyceryl behenate (Compritol
888 ATO), glyceryl palmitostearate (Precirol ATO 5)), waxes (beeswax, carnauba wax), fatty
acids (lauric/stearic/myristic acid), and the corresponding fatty alcohols [130,131].

The chemical structure of lipids has a major impact on their physicochemical prop-
erties and delivery process of the nanoparticles, as reported by several studies. Boonme
et al. investigated the effect of different lipids (glyceryl trimyristate, glyceryl tripalmitate,
glyceryl tristearate, stearic acid, glyceryl monostearate) on the characteristics of SLNs ob-
tained by the microemulsion technique. The selected lipids differ in the number of C atoms
of the fatty acids chains, as well as their polarity. According to the obtained results, lipid
polarity influences the capability to obtain microemulsions—the formation of such was
reported in three of the studied formulations (comprising glyceryl monostearate, stearic
acid and glyceryl trimyristate). This may be related to the absence of polar functional
groups in the structure of glyceryl tripalmitate/glyceryl tristearate, as well as to their
long (C-16/C-18) chains, determining large molecular volumes unable to penetrate into
the hydrophobic region of the surfactant interface. The number of carbon atoms of the
fatty acid residue also affects nanoparticle size—the smallest diameter was observed in
the glyceryl trimyristate-based formulation, as a result of the shorter carbon chain (14 C
atoms vs. C18 atoms) facilitating its penetration into the surfactant’s interface [132]. Palival
et al. investigated the influence of several solid lipids (stearic acid, glycerol monostearate,
tristearin, and Compritol 888 ATO) on the properties of methotrexate-loaded SLNs intended
for oral delivery. According to the obtained results, the highest entrapment efficacy was
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reported for the Compritol 888-based SLNs, which may be related to the drug interchain
intercalation [133].

The appropriate selection of a solid lipid or lipid mixture is an important subject, as it
impacts the physicochemical characteristics (size, drug loading capacity), as well as drug
release and storage stability, of the nanocarriers. Important issues to be considered during
(pre)formulation studies include the solubility of drug in the lipid matrix, drug/lipid
compatibility, and the lipid(s) crystalline behavior [134,135]. Based on the structural organi-
zation and drug location within the nanoparticles, three types of SLNs can be distinguished,
as illustrated in Figure 2.

The homogenous matrix model is characterized by a uniformly allocated drug within the
lipid matrix (molecularly dissolved or in form of amorphous clusters), mainly produced
via the high-pressure homogenization method. The homogenous matrix particles result
from the agitation of the dispersed drug in bulk lipid (when the cold technique is applied)
or from the crystallization of cooled liquid droplets, in the case of hot homogenization. The
latter is suitable for highly lipophilic drugs, without the necessity of using solubilizing
agents [136].

The drug-enriched shell model involves predominantly localizing the drug in the outer
shell of the nanoparticles, arising from phase separation and drug migration during the
cooling stage of the process. Fast cooling induces the lipid in the center to precipitate,
whereas the drug concentration in the residual liquid lipid increases, forming the outer
shell. This model is characterized by fast drug release [137].

The drug-enriched core model is characterized by a high drug concentration in the melted
lipid, leading to supersaturation of the drug and its precipitation during the cooling phase
before lipid recrystallization. Further cooling subsequently leads to lipid recrystallization,
and to the formation of a membrane overlaying the drug-enriched core [138].

In addition to the lipid constituents, a SLN formulation also contains surfactants,
which facilitate the dispersion of lipids within the aqueous medium and stabilize the sys-
tem by reducing the interfacial tension between both immiscible phases [139]. Generally,
surfactants are included in the composition up to 5%w/w, and their selection is based upon
several considerations, such as hydrophilic–lipophilic balance (HLB value), the route of
administration of SLNs, safety profile, and compatibility with the other excipients [135,140].
In SLNs, intended for ophthalmic applications, the most-often included surfactants are
non-ionic, such as polyoxyethylene sorbitan fatty acid esters (Polysorbates/Tweens), poly-
oxyethylene/polyoxypropylene block copolymers (Poloxamers/Pluronic), and amphoteric
molecules, e.g., soy lecithin, due to their superior safety profiles compared to their anionic
or cationic counterparts [119,131].

In their study, Silva et al., 2019 investigated the cytotoxicity of SLNs, containing the
cationic surfactants cetyltrimethylammonium bromide (CTAB) and dimethyldioctadecy-
lammonium bromide (DDAB), against five human cell lines of different origin. According
to the obtained results CTAB-containing SLNs exhibited superior cytotoxicity in compar-
ison to DDAB-SLNs, as the experimental concentration is closer to the critical micellar
concentration of CTAB (the latter is related to cell lysis) [141].

SLNs may also contain cryoprotectants (e.g., trehalose, sorbitol, mannitol), in case the
nanoparticles are subjected to lyophilization [142], as well as surface-modifying additives,
such as polyethylene glycol, to confer stealth properties of the nanocarriers [143], or selec-
tive ligands, antibodies, etc., to provide targeted delivery [144,145]. In ocular therapeutics,
SLNs are often modified using polyethylene glycol to improve their pharmacokinetic pro-
file, or are coated with mucoadhesive polymers (e.g., chitosan), aiming to prolong their
precorneal residence time [146,147].

In their study, Eid et al. investigated the impact of PEGylation and chitosan coating
on the ocular bioavailability of ofloxacin-loaded SLNs. The addition of PEG stearate to
the compositions determined higher transcorneal permeability, with a moderate effect on
the mucoadhesion, in contrast to chitosan, which exerted the opposite effects. Ultimately,
the developed PEGylated chitosan-coated SLNs improved the ocular bioavailability of
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ofloxacin by increasing the drug concentration in rabbits’ eyes two- to three-fold when
compared to the plain drug [148]. The PEGylation approach was also adopted by Dang
et al., who developed a PEGylated SLNs-laden contact lens, characterized by an enhanced
latanoprost-loading capacity, smaller sizes (compared to non-PEGylated SLNs), and sus-
tained drug release up to 96 h [149].

The development of hybrid drug-delivery platforms based on nanocarriers and a vehicle
(semisolid formulations, in situ gels, contact lens) is an advantageous strategy for ocular
delivery purposes, as it exploits the beneficial effects of both systems. In their study, Sun
and Hu developed tacrolimus-loaded SLNs that were thermosensitive in situ gel, which
were characterized by suitable gelling and rheological characteristics (gelation temperature
32 ◦C, pseudoplastic behavior), sustained drug release and improved pharmacodynamic
effects when compared to the free drug and tacrolimus-loaded SLNs [150]. Improved
biopharmaceutical and therapeutic outcomes were reported also for mizolastine-loaded
hydrogel SLNs, manifesting in sustained drug release (up to 30 h) and reduced symptoms
of allergic conjunctivitis in rabbits’ eyes [151].

Another beneficial SLN-based delivery strategy implemented in ocular therapeutics
is the elaboration of dual solid lipid nanoparticles, as reported by Carbone et al. [152].
The authors aimed to improve the effectiveness of Candida albicans mycosis treatment by
combining the antimycotic effect of clotrimazole and the antioxidant activity of alpha-lipoic
acid. SLN as a delivery platform enabled the simultaneous loading of both drugs, and
determined slow and controlled drug release, without an initial burst effect. The latter was
achieved due to the successful incorporation of both drugs within the inner lipid matrix,
and not on the nanoparticles’ surface [152].

An overview of the developed SLNs for ocular delivery purposes is provided in
Table 2.

Table 2. Recent progress of SLNs for ophthalmic application (5 years’ overview).

Composition Drug/Disease Method of
Preparation

Physicochemical
Characteristics Results References

Tripalmitin
Tween 80
Glycerol

Econazole/
Fungal keratitis

Microemulsion
method

Size 19.05 ± 0.28 nm
PDI 0.21 ± 0.01

ζ potential
−2.20 ± 0.10 mV

EE = 94.18 ± 1.86%

Slow and controlled drug
release (within 96 h);

Improved antifungal activity;
Enhanced

bioavailability—drug
concentration was above MIC
within 3 h after application.

[153]

Precirol
ATO 5

Pluronic F68
Stearyl amine

Natamycin/
Fungal keratitis

Hot emulsification-
ultrasonication

technique

Size 42 nm
PDI 0.224

ζ potential 26 mV
EE ≈ 85%

Prolonged drug release
(within 8 h);

Improved corneal
penetration;

Superior antifungal activity
vs. free drug;

Excellent ocular tolerability.

[154]

Compritol 888
ATO

Stearic acid
Tween 80

Soy lecithin

Isoniazid/
Ocular tuberculosis

Microemulsion
method

Size 149.2 ± 4.9 nm
PDI 0.15 ± 0.02

ζ potential
−0.35 ± 0.28 mV
EE = 65.2 ± 2.2%

Prolonged drug release (48 h);
Enhanced corneal

permeability (1.6 fold);
Improved ocular

bioavailability (4.2 fold) vs.
drug solution.

[155]

Stearic acid
Tween 80

Transcutol P

Clarithromycin/
Bacterial endophthalmitis

High-speed mixing
and the

ultrasonication
method

Size 157 ± 42.4 nm
PDI 0.13 ± 0.02

ζ potential
−17.2 ± 3.1 mV
EE = 81.3 ± 4.6

Sustained drug release
(~80% in 8 h);

Improved transcorneal
permeation and

bioavailability compared to
drug solution.

[156]
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Table 2. Cont.

Composition Drug/Disease Method of
Preparation

Physicochemical
Characteristics Results References

Softisan 100
(Hydrogenated

Coco-Glycerides)
Suppocire NB

(C10–C18
Triglycerides)

Tween 80
Tegin O
DOTAP
DDAB

Sorafenib/
Uveal melanoma

Phase inversion
temperature method

Size 127.85 ± 1.50 nm
PDI 0.215 ± 0.014
ζ potential 20 mV
EE= 75.0 ± 2.1%

Sustained drug release
(less than 25% of

encapsulated drug released
after 72 h);

Good physical stability,
cytocompatibility and

mucoadhesive properties of
elaborated SLNs.

[157]

Compritol 888ATO
PEG 400

Poloxamer 188
Phospholipon 90H

Atorvastatin/
Age-related macular

degeneration

Hot high-pressure
homogenization

Size 256.3 ± 10.5 nm
PDI 0.26 ± 0.02

ζ potential −2.65 mV
EE= 73.1 ± 1.52%

Improved bioavailability
(8-fold in aqueous humor and
12-fold in vitreous humor) vs.

free drug;
Proven safety in

corneal/retinal cell lines;
Successful delivery to the
retina, confirmed by intact
fluorescein-labeled SLNs.

[158]

Com-
pritol 888

ATO/Compritol
HD5 ATO

Pluronic F127

Betulinic acid (BA)
derivatives H3, H5

and H7/
Retinal diseases (diabetic
retinopathy, age-related
macular degeneration,

choroidal neovasculariza-
tion)

Microemulsion
method

Size 58.5± 9.8 nm
PDI 0.246
ζ potential

6.45 ± 5.58 mV
EE = 75.10%

Improved drug delivery and
enhanced anti-oxidative

efficacy of BA derivatives;
Suppressed

glutamate-induced ROS
production/necrosis in

human Müller cells.

[159]

Gelucire 44/14
Compritol ATO 888

Tween 80

Etoposide/
Posterior segment-related
diseases (e.g., age-related

macular degeneration,
diabetic retinopathy)

Melt-
emulsification and

ultrasonication
technique

Size 239.43 ± 2.35 nm
PDI 0.261 ± 0.001
EE 80.96 ± 2.21%

Sustained etoposide
concentration of etoposide in

vitreous body for
7 days after IV injection

Better toxicological profile vs.
etoposide solution.

[160]

Stearic acid
Sodium

taurodeoxycholate
Phosphati-
dylcholine

Sutinib
(Sb)/

Retinal diseases
(age-related macular
degeneration, diabetic

retinopathy, retinal vein
occlusions)

Microemulsion
method

Size 140 nm
PDI 0.20

Excellent tolerability profile
based on

in vivo study on 20 albino
rabbits; After IV injections, Sb

SLNs didn’t cause any
abnormalities in ocular

morphology in contrast to
polymeric nanocapsules.

[161]

Chitosan
Phospholipids
(Lipoid S100)

Glyceryl mono-
stearate

Tween 80
PEG 400

Methazolamide/
Glaucoma

Emulsion-solvent
evaporation

method

Size 247.7 ± 17.3 nm
PDI

ζ potential
33.5 ± 3.9 mV

EE = 58.5 ± 4.5%

Prolonged drug release
compared to drug solution;

Excellent tolerability
and marked reduction in

IOP vs. uncoated
methazolamide SLNs.

[162]

Compritol 888
ATO

Pluronic F68
Tween 80
Glycerol

∆9

-Tetrahydrocannabinol-
valine-hemisuccinate/

Glaucoma

Ultrasonication
Size 287.80 ± 7.35 nm

PDI 0.29 ± 0.01
EE = 93.57 ± 4.68%

Greater reduction in the IOP
with respect to intensity and

duration compared to
pilocarpine/timolol maleate

eye drops;
High drug concentration in

the iris/ciliary body and
choroid/ retina.

[163]

Legend: DDAB—Didodecyldimethylammonium bromide; DOTAP—Dioleoyl-trimethylammonium–propane
chloride; EE—Entrapment efficiency; IOP—Intraocular pressure; MIC—Minimum inhibitory concentration;
PDI—Polydispersity index; ROS—Reactive oxygen species.

As presented in Table 2, SLNs have been successfully exploited for both anterior and
posterior eye segment diseases. The reported therapeutic results may be attributed to
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various factors, such as the ability of SLNs to form a depot for the prolonged release of the
drug, the fluidizing effect of included surfactants on the lipid bilayers of ocular membranes,
facilitating drug permeation, as well as the large surface area of nanocarriers, providing
maximized contact with the ocular mucosa [163,164]. It is also worth noting the ability
of SLNs to encapsulate high molecular weight compounds, such as atorvastatin [158]
and natamycin [154], which are also characterized by poor solubility, therefore, their
ocular delivery through conventional ophthalmic formulations would be a challenge.
Encapsulation of atorvastatin in SLNs further contributed to improved drug photostability,
as confirmed by the photostability studies conducted according to ICH guidelines [158].
Liang et al. also reported overcoming the unfavorable characteristics of the drug by
developing econazole-loaded SLNs. The antimycotic is characterized by low aqueous
solubility and strong irritation potential, which restrain its application in the therapy
of ocular fungal infections. The conducted in vivo studies showed enhanced corneal
permeation, and no ocular irritation with the econazole-loaded SLNs [153]. Solid lipid
nanoparticles are also beneficial in the therapy of posterior segment diseases, e.g., glaucoma,
as confirmed by the superior intraocular pressure reduction [162], and higher therapeutic
concentration in the iris, ciliary body, and retina [163].

The pre-clinical safety of SLNs was evaluated in polymeric nanospheres and liposomes
in a recent study conducted by Gomes Souza et al. The authors elaborated sunitinib-loaded
nanocarriers as topical formulation strategies for corneal neovascularization treatment.
The sunitinib-loaded SLNs were selected as the optimal formulation due to their excellent
tolerability profile, controlled drug release, and highest corneal retention [165].

3.1.2. Nanostructured Lipid Carriers

Nanostructured lipid carriers were initially developed to surmount the limitations
associated with SLNs, such as their poor drug-loading capacity, owing to their perfectly
arranged crystalline structure, and their propensity towards drug expulsion during storage,
resulting from lipid crystallization [37,166]. The addition of spatially incompatible liquid
lipid(s) to the formulations is beneficial in two aspects, it leads to the formation of a less-
ordered crystalline structure (Figure 2), ensuring extra area for drug loading, decreases the
crystalline degree of the lipid matrix and averts drug expulsion [128,167]. Usually, the liquid
lipid is included up to 30% of the total lipid amount in the NLCs formulations [168,169]. As
such, researchers often use castor/olive/argan oil, oleic acid, Miglyol® 812 (medium-chain
triglycerides), propylene glycol dicaprylocaprate—Labrafac™ PG (Gattefosse, Saint-Priest,
France), or caprylocaproyl macrogol-8 glycerides—Labrasol® (Gattefosse, Saint-Priest,
France) [170–172].

The selection of both solid and liquid lipids is reported to influence NLCs’ size. Accord-
ing to Apostolou et al., NLCs comprising solid lipids, such as Precirol ATO 5 (Gattefosse,
Saint-Priest, France), Compritol 888 ATO (Gattefosse, Saint-Priest, France) or Dynasan
118 (IOI Oleo GmbH, Hamburg, Germany), exhibit larger particle sizes when compared
to glyceryl monostearate- and stearic acid-based nanocarriers. A possible explanation
may lie in the higher molecular weight of the lipids, leading to the formation of a more
complex structure, with a tendency of aggregation between the molecules, which results in
an increased nanoparticle diameter [173]. Concerning the selection of liquid lipids, NLCs
containing Mygliol® 812 (IOI Oleo GmbH, Hamburg, Germany) are generally characterized
by larger size when compared to oleic acid or Capryol 90-containing ones (Gattefosse,
Saint-Priest, France) [174–176].

NLCs can be classified into three models depending on the preparation methods, lipid
matrix structure, and drug location [177].

The imperfect type is obtained by blending structurally different lipids, resulting in the
formation of disorganized lipid matrix. The selected lipids, usually a small fraction of liquid
oil mixed with larger amount of solid lipid, may differ in terms of fatty acid origin, in their
carbon chain length or degree of saturation. This type of NLC is characterized by its high
drug-loading capacity, proportionally related to the imperfections within the lipid matrix [178].
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The amorphous-type NLCs are formed owing to the addition of specific lipids to the
formulation, such as hydroxyoctacosanyl hydroxystearate and isopropyl myristate. These
lipids contribute to the formation of a non-crystalline (amorphous) matrix, limiting drug
expulsion as a result of solid lipid crystallization [143].

The multiple-type NLCs are oil-in-solid, fat-in-water nanocarriers, composed of nu-
merous liquid oil nanocompartments within a solid lipid matrix, usually obtained through
the hot homogenization technique. The greater amount of liquid lipid in the formulation
leads to phase separation and the formation of the nanosized droplets upon the cooling
phase. The multiple-type NLCs are characterized by high drug-loading capacities, due
to the superior solubility of lipophilic drugs in liquid lipids compared to those in solid
ones. Furthermore, the solid matrix exhibits a barrier function, limiting drug leakage and
controlling the release process [178,179].

Similar to SLNs, the surface of NLCs can be modified with cationic additives (e.g.,
chitosan) to impart muco-adhesiveness, sustained drug release, and increased penetration,
as reported by Selvaraj et al. [180], Sharma et al. [181], and Fu et al. [182]. Derivatives
of chitosan (trimethyl chitosan) and chitin (chitosan oligosaccharide) have also been in-
vestigated as nanoparticle surface-coating materials, as they exhibit improved aqueous
solubility at a neutral pH (including in the lacrimal fluid) and superior safety profiles com-
pared to native chitosan, while at the same time retaining all of its beneficial characteristics
(biodegradability, muco-adhesion, penetration-enhancing properties, etc.) [183,184].

Mucoadhesive NLCs have also been developed by functionalization with (3-aminom-
ethylphenyl) boronic acid attached to chondroitin sulfate, to increase corneal residence time by
specifically targeting the sialic acid residues on the ocular surface, which ultimately improves
drug performance regarding dry eye disease [185]. In vivo relief of dry eye disease symptoms,
accompanied by enhanced corneal retention, was also reported by Zhu et al., developing
chondroitin sulfate and L-cysteine conjugate-modified dexamethasone NLCs [186].

In another study Abdelhakeem et al. elaborated on surface-modified eplerenone-
loaded NLCs for the treatment of central serous chorioretinopathy. The authors evaluated
the effect of three different coating polymers (hyaluronic acid, chitosan oligosaccharide
lactate, and hydrogenated collagen) on the properties of the nanocarriers. The largest
particle size was reported for the hyaluronic acid-coated NLCs, corresponding to the
formulation’s highest eplerenone entrapment efficiency and viscosity. The higher viscosity
determined the superior sustained drug release from hyaluronic acid-modified NLCs
compared to the other NLCs models. The selected optimal formulations (hyaluronic
acid/chitosan oligosaccharide lactate-coated) were characterized by an excellent ocular
tolerability, as confirmed by the Draize test [187].

Nanostructured lipid carriers have been also an integral component of hybrid drug-delivery
platforms, recently included into thermosensitive in situ gel-forming systems [188,189]. An
interesting approach is described by Yu et al. in two of their studies, elaborating on baicalin NLCs
and quercetin NLCs that were subsequently incorporated into dual pH and thermosensitive
in situ gels. The dual stimuli-responsive formulation was based on carboxymethyl chitosan
and Poloxamer 407, cross-linked by the natural cross-linker genipin. Both hybrid, NLC-loaded,
in situ gels were characterized by prolonged drug release and precorneal residence time, and
improved transcorneal penetration compared to eye drops [190,191].

Dual nanostructured lipid carriers have also been developed for ocular delivery pur-
poses. In their study Youseff et al. developed simultaneously loaded natamycin/ciprofloxacin
NLCs as a drug delivery system for microbial keratitis treatment. The selection of model
drugs (an antifungal agent and fluoroquinolone antibiotic) was based on the complex etiology
of corneal infections (which may be caused by bacteria/fungi/protozoa, when a secondary
or co-infection is present). The elaborated dual NLCs were subsequently incorporated into in
situ ionic gel formulations, aiming to further enhance the therapeutic efficacy by providing
prolonged ocular surface contact time [120]. Dual therapeutic synergy was exploited also by
Chen and Wu when developing brinzolamide- and latanoprost-loaded NLCs for the therapy
of glaucoma (details of the study are presented in Table 3) [192].
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Table 3. Recent progress of NLCs for ophthalmic application (5 years’ overview).

Composition Drug/Disease Method of
Preparation

Physicochemical
Characteristics Results References

Glycerol
monostearate 40–55

Soy lecithin
Compritol 888 ATO

Cholesterol
Capryol 90

Miglyol 812 N
Kolliphor P 407
Kolliphor P 188

α-Tocopherol-PEG

Lactoferrin/
Keratoconus

Double
emulsion/

solvent
evaporation

method.

Size 119.45 ± 11.44 nm
PDI 0.151 ± 0.045

ζ potential
17.50 ± 2.53 mV

EE ≈ 75%

Controlled release profile;
Good physical stability

(up to 3 months);
Muco-adhesive

properties
(for at least 240 min);
Ocular tolerability.

[193]

Labrafac lipophile
WL1349

Cholesterol
Tween 80

Dexamethasone
(DXM)/

Dry Eye Disease

Solvent diffusion
method

Size 19.51 ± 0.5 nm
PDI 0.08

ζ potential 9.8 mV
EE = 99.6 ± 0.5%

Cellular internalization
in HCECs and corneal
distribution in ex vivo

porcine cornea;
Significant reduction in

inflammatory cytokines (MMP-9,
IL-6 and TNF-α) related to DED

pathogenesis vs. free DXM.

[194]

Precirol ATO5
Capryol PGMC

Stearylamine
Tween 80

Poloxamer 188

Rapamycin/
Corneal alkaline burn

injury

Emulsification
solvent diffusion
and evaporation

method

Size 216 ± 40 nm
ζ potential 14 ± 2.6 mV

EE = 97.66 ± 0.57%

Improved fibroblast uptake of
encapsulated cargo via NLCs

(1.5 times);
Superior in vivo corneal healing

properties of NLCs vs.
control groups.

[195]

Stearic acid,
oleic acid

Poloxamer 407

Itraconazole/
Fungal keratitis

High-speed
homogenization

technique

Size 150.67 nm
ζ potential −28 mV

EE = 94.65%

Ocular safe formulation according
to HET−CAM test;

Enhanced antifungal
activity of the NLCs

compared to commercial
eye drops.

[196]

PrecirolATO 5,Castor
oil, Span 80,

mPEG-2K-DSPE
sodium salt

Poloxamer 188,
Tween 80, glycerin

Natamycin/
Fungal keratitis

High-pressure
homogenization

Size 241.96 nm,
PDI 0.406

EE = 95.35%

Improved in vitro transcorneal
permeation and flux

of formulated
NT compared to drug

suspension.

[197]

Glycerin
monostearate
Miglyol 812 N
Solutol HS 15

Gelucire 44/14
Soy lecithin

Dasatinib
(DAS)/
Corneal

neovascularization

Melt-
emulsification

method

Size 78.53 ± 0.36 nm
PDI 0.21 ± 0.01

ζ potential
−29.6 ± 1.0 mV

EE = 97.71% ± 0.89%

Enhanced solubility of
DAS (1200-fold) after

inclusion in NLCs;
Inhibition of the development of

CNV and associated
corneal pathological

alterations in a mouse
model of CNV.

[198]

Monolaurin
Capryol-90

Cremophor RH40
Transcutol P

Glycerin

Sorafenib/
Corneal

neovascularization

Microemulsion
method

Size 111.87 ± 0.93 nm
PDI 0.15 ± 0.01

ζ potential
−0.35 ± 0.08 mV

EE = 99.20 ± 0.86%

Excellent ocular tolerability
(in vivo test on rabbits),

non-toxic in HCEC;
Approximately 6.7- and 1.3-fold

higher drug concentrations in
rabbit cornea and conjunctiva vs.

free drug.

[199]

Compritol
888 ATO

Apifil (PEG-8
beeswax)

Miglyol 812N
Labrasol, Kolliphor

EL
Cremophor

RH60

Dexamethasone/
Ophthalmic

inflammatory
diseases, severe

uveitis

Ultrasonication
method

Size 92.18 ± 0.49 nm
PDI 0.12 ± 0.02

ζ potential
−7.62 ± 0.26,
EE = 88.31%

Good ocular tolerability;
Ability to penetrate across

the cornea;
High concentration of NLCs in

the stroma, according to porcine
corneal penetration study.

[171]
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Table 3. Cont.

Capmul MCM C10
Soya lecithin
Captex 200 P
Transcutol P

Polysorbate 80
Stearylamine

Triamcinolone
acetonide/

Uveitis

Hot microemulsion
method

Size 198.95 ± 12.82 nm
PDI 0.326 ± 0.04

ζ potential
35.8 ± 1.94 mV

EE = 88.14 ± 3.03 %

Sustained drug release
(84% within 24 h);

Ex vivo corneal
permeation of 51%;

Biocompatible and ocular
tolerable formulation

(HET-CAM test).

[200]

Cholesterol
Stearic acid

Stearylamine
Oleic acid

Labrafil M 1944
Tween 80

Vancomycin
(VMC)/
Bacterial

endophthalmitis

Cold
homogenization

technique

Size 96.40 ± 0.71 nm
PDI 0.352 ± 0.011

ζ potential
29.7 ± 0.47 mV,

EE = 74.80 ± 4.30%

Improved transcorneal
penetration;

Biocompatible, non-irritant
formulation (in vitro RBC

hemolytic assay);
Enhanced (3-fold) intravitreal

VMC concentration after topical
application compared to

drug solution.

[201]

Miglyol 812
Compritol 888 ATO

Lutrol F68

Palmitoylethanolamide
(PEA)/

Retinal diseases
(diabetic retinopathy,

glaucoma)

High
shear

homogenization

Size 208.6 ± 10.2 nm
PDI 0.18

ζ potential > 20 mV

Improved ocular
bioavailability: 40% and 100%
higher PEA levels in vitreous
body and retina compared to

free drug.

[202]

Glyceryl
monostearate

Labrafil M 2125 CS
Tween 80

Transcutol HP
Chitosan

5-Fluorouracil
(5-FU)/
Diabetic

retinopathy

Melt emulsification-
ultrasonication

method

Size 163.2 ± 2.3 nm
PDI 0.28 ± 1.52

ζ potential
21.4 ± 0.5 mV

EE = 85.0 ± 0.2 %

Higher and sustained
5-FU release vs. free drug;
Non-irritant formulations;

Antiangiogenic effect
confirmed by in vivo study in a

diabetic
retinopathy rat model.

[181]

Capryol 90
Softisan 100

Tween 80

Diosmin/
Diabetic

retinopathy

Melt emulsification
method and

ultrasonication

Size 83.58 ± 0.77 nm
PDI 0.263 ± 0.067

ζ potential
−18.5 ± 0.60 mV
EE = 99.53± 2.50

Very good physical stability of
NLCs up to 60 days;
Cytocompatibility

assessed on ARPE-19 cells,
Cytoprotective effects.

[203]

Compritol 888 ATO
Miglyol 812
Lutrol F68

Mangiferin
(MNG)/

Oxidative stress
related diseases,

macular
degeneration,

diabetic retinopathy

High shear
homogenization
and ultrasound

Size 148.9 ± 0.1 nm
PDI 0.21 ± 0.02

ζ potential
−23.5 ± 0.2 mV,

EE ≈ 92%

Higher antioxidant activity of
MNG NLCs vs.
free compound

according to ORAC assay;
Non-irritant formulations

according to
HET−CAM Assay.

[204]

Glyceryl
monostearate

Castor oil
Poloxamer 188

Brimonidine/
Glaucoma, ocular

hypertension

High shear
homogenization

Size 151.97 ±1.98 nm
PDI 0.230 ± 0.01

ζ potential
−44.2 ± 7.81 mV

EE = 83.631 ± 0.495%

Improved permeability compared
to analogous model SLNs;

Highest reduction in the IOP in
rabbits (vs. SLNs and free drug).

[172]

Captex 200P
(propylene glycol

dicaprate)
Soya lecithin

Capmul®

MCM C10 (glyceryl
monocaprate)

Tween 80
Transcutol P
Stearylamine
Captex 200P

Brinzolamide
(Brla)

Latanoprost
(Ltp)/

Glaucoma

Hot microemulsion
method

Size165.28 ± 2.36 nm
PDI 0.31 ± 0.015

ζ potential
35.33 ± 0.37 mV

EE = 97.5 ± 2.16%

Adequate transcorneal
permeation (Brla and Ltp levels

after 24 h were
≈82% and ≈84%, respectively);

Effective reduction
of IOP in rats’ eyes
with laser-induced

glaucoma.

[192]

Legend: ARPE—Human retinal pigment epithelial cell line, CNV—Corneal neovascularization, DED—Dry eye
disease, HCEC—Human corneal epithelial cell lines, HET−CAM—Hen’s egg test on chorioallantoic mem-
brane, IL-6—Interleukin-6, MMP—Matrix metalloproteinases, mPEG-2K-DSPE sodium salt—N-(Carbonyl-
methoxypolyethylenglycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt, ORAC—Oxygen
radical absorbance capacity, TNF-α—Tumor necrosis factor α.

Further overview of the recent progress of NLCs in ocular therapeutics is shown in
Table 3.
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Nanostructured lipid carriers are feasible delivery systems for both drugs and bio-
logically active compounds, as illustrated in Table 3. Polyphenolic compounds are well-
known for their antioxidant effects, which would be highly beneficial in the therapy of
ocular degenerative diseases. However, these phytochemicals are usually characterized
by poor aqueous solubility and an unfavorable pharmacokinetic profile, as reported for
diosmin [203] and mangiferin [204]. Their encapsulation in NLCs led to an improvement
of their disadvantageous physicochemical properties (e.g., low aqueous solubility), and
further contributed to superior antioxidant activity (in the case of the mangiferin-loaded
NLCs) and cytoprotective effects (for diosmin-loaded NLCs). Other beneficial outcomes
following drug loading into NLCs include superior chemical/photo stability, estimated by
the rapamycin-loaded NLCs [195], as well as the pronounced enhancement of the solubility
of dasatinib upon encapsulation. The latter further contributes to the observed higher
anti-proliferation and anti-migration effects [198].

In addition to the conventional topical application, NLCs have been formulated for
periocular administration (transscleral delivery), as reported by González-Fernández et al.
The authors prepared dexamethasone acetate-loaded NLCs intended for the treatment of
posterior eye segment diseases (e.g., macular edema, age-related macular degeneration).
The encapsulated prodrug acetate ester provided sustained drug release as a result of the
required enzymatic conversion step, and enhanced scleral/choroidal permeability [205].

3.2. Sterilization Feasibility of SLNs and NLCs

Owing to their compositional similarities, NLCs and SLNs can be prepared by identical
methods, such as high-pressure homogenization (hot/cold option), high-speed homoge-
nization and/or ultrasonication, solvent emulsification/evaporation, microemulsion, phase
inversion techniques, and the solvent injection method [143]. A comprehensive description
of the various preparation methods has been detailed by Gordillo-Galeano and Mora-
Huertas [131], Khairnar et al. [206] and Duong et al. [207]. However, of great importance
for ocular application is one of the post-production steps, namely, the sterilization feasibility.

Techniques such as heat sterilization (autoclaving), sterile filtration and gamma irradi-
ation have been used as sterilization methods for SLNs and NLCs intended for ophthalmic
application. The selection of the specific method is based on several considerations, such as
drug heat stability, composition constituents (melting point of lipids, choice of surfactants),
nanoparticle size, and the viscosity of the solution in case of sterile filtration [83,162,208].
Autoclaving is the most commonly exploited technique for the sterilization of lipid nanopar-
ticles in ophthalmology, however, with controversial results regarding its impact on the
physiochemical characteristics of the nanocarriers. According to some reports, there is
no significant change in the particle size [158,172,209] or entrapment efficiency [158] of
developed lipid nanocarriers before and after sterilization, in contrast to others, which
established an increase in particle size in the micrometer range [210]. The latter may be
ascribed to the compromised surfactant film properties, as well as to the melting of lipids
at 121 ◦C, leading to the formation of an o/w emulsion. During the successive cooling and
lipid recrystallization, no energy input (i.e., homogenization) was applied to the system,
resulting in the increase of particle size [210]. In their study Youshia et al. investigated
the influence of autoclaving and sterilization by gamma irradiation on the physicochemi-
cal parameters of methazolamide-loaded cationic NLCs. According to the results, NLCs
subjected to heat sterilization were characterized by significantly lower entrapment effi-
ciency and zeta potential values. At the same time an increase in the particle size and
polydispersity index was observed. On the contrary, gamma radiation did not induce
significant alterations in the particles size, size distribution pattern, or in the degree of
methazolamide entrapment [211]. However, one of the main limitations of this method
is the formation of free radicals, therefore, subsequent studies need to be performed, in
order to evaluate the chemical stability of the components. Additionally, different strategies
may be applied to mitigate the adverse effects of radiation, such as adjustment of the
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applied dose, lyophilization of the samples, and the use of suitable (endure to γ-radiation)
excipients [208].

Sterile filtration has also been exploited as a sterilization approach for lipid nanopar-
ticles used in ophthalmic application, as described by Bonaccorso et al. [157]. The authors
investigated the influence of different types of membranes (polypropylene, polyethy-
lene sulfone, polyvinylidene fluoride; pore size of 0.22 µm) on the filtration feasibility of
sorafenib-loaded SLNs. The obtained results showed that polypropylene and polyethy-
lene sulfone filters restrain the filtration process by retaining the nanoparticles within the
membrane, unlike the polyvinylidene fluoride membrane, which enables SLNs’ passage.
Furthermore, the obtained SLN suspension after filtration was characterized by unaltered
physiochemical parameters [157].

3.3. Clinical Application of SLNs and NLCs in Ocular Therapeutics

Several lipid-based ophthalmic nanocarriers have been successfully implemented
into clinical practice, such as Visudyne® (Novartis Pharma AG, Basel, Switzerland), a
liposomal verteporfine nanoformulation intended for the therapy of age-related macular
degeneration, Durezol® (Alcon, Geneva, Switzerland), a difluprednate nanoemulsion
for ocular inflammation treatment, and Restasis® (AbbVie, North Chicago, IL, USA), a
cyclosporine nanoemulsion intended for the therapy of dry eye disease [212,213]. However,
regardless of the positive outcomes garnered from conducted studies, currently, there are
no SLN- or NLC-based ophthalmic formulations that have been translated into clinical
applications or marketed. A search through the website www.clinicaltrials.gov (accessed
on 1 March 2023) using the keyword ”solid lipid nanoparticles” resulted in 10 studies,
whereas the keyword “nanostructured lipid carriers” led to 2 results. Currently, none of
these trials are related to ocular delivery purposes. Further details are provided in Table S1.

4. Conclusions and Prospects

Solid lipid nanoparticles and nanostructured lipid carriers have shown significant
potential for effective ocular drug delivery, as confirmed by the findings summarized in
this review. Their advantageous characteristics such as biodegradability, biocompatibility,
owing to the generally recognized as safe (GRAS) lipid constituents, and their possibility
to provide controlled and sustained drug release, to improve transcorneal penetration
and enhance ocular bioavailability, determine their increasing progress in ocular therapeu-
tics. Furthermore, the surface of both types of nanocarriers can be modified to improve
their pharmacokinetic characteristics, impart mucoadhesive properties, prolong corneal
residence time, and enhance their therapeutic efficacy. The latter can also be achieved by
incorporating them into semisolid/in situ gelling formulations and contact lenses (i.e.,
hybrid delivery systems), which is another promising research direction and would be of
great benefit, especially in case of ocular surface diseases. Drug delivery to the posterior
segment of the eye can also be accomplished via SLNs and NLCs by proper adjustment
of the formulation-related parameters (lipid constituents/surfactant(s) selection; tuning
particles’ size into the desired nano range), which would be of great significance in the
therapy of vision-threatening diseases. However, despite all the promising outcomes from
conducted studies, the research progress has not been implemented into clinical application
yet. Some of the challenges related to this matter include the possibility of developing
reproducible batches of lipid nanoparticles, which exhibit sufficient colloidal stability
during storage. In this regard, the implementation of quality-by-design (QbD) approach
during the (pre)formulation stage is a feasible strategy, as it provides the possibility to
obtain a final product with predictable quality attributes, which would benefit and facilitate
nanocarriers’ subsequent commercialization [214]. Ocular toxicity is another critical issue
to be considered during the development of ophthalmic formulations. According to the
findings from the reviewed articles, SLNs and NLCs showed no level of toxicity (based
on in vitro or in vivo studies), however, further studies are needed to evaluate their long-
term toxicity, as well as their fate after application in vivo [215]. Regarding their clinical
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application approval, it is crucial to establish unified protocols evaluating their safety and
effectiveness [107]. Based on the promising results from the conducted studies, it can be
concluded that the potential of SLNs and NLCs should be fully deployed in the near future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16030474/s1, Table S1. Solid lipid nanoparticles and nanostruc-
tured lipid carriers in clinical trials (terminated studies and studies with unknown status are excluded).
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tured Lipid Carriers: In Vitro and Ex Vivo Evaluation. J. Ocul. Pharmacol. Ther. 2022, 38, 412–423. [CrossRef]

32. Sun, L.; Zhang, M.; Shi, Y.; Fang, L.; Cao, F. Rational design of mixed nanomicelle eye drops with structural integrity investigation.
Acta Biomater. 2022, 141, 164–177. [CrossRef]

33. Xu, X.; Sun, L.; Zhou, L.; Cheng, Y.; Cao, F. Functional chitosan oligosaccharide nanomicelles for topical ocular drug delivery of
dexamethasone. Carbohydr. Polym. 2020, 227, 115356. [CrossRef]

34. Nayak, K.; Misra, M. PEGylated microemulsion for dexamethasone delivery to posterior segment of eye. J. Biomater. Sci. Polym.
Ed. 2020, 31, 1071–1090. [CrossRef] [PubMed]

35. Bachu, R.D.; Stepanski, M.; Alzhrani, R.M.; Jung, R.; Boddu, S.H.S. Development and Evaluation of a Novel Microemulsion
of Dexamethasone and Tobramycin for Topical Ocular Administration. J. Ocul. Pharmacol. Ther. 2018, 34, 312–324. [CrossRef]
[PubMed]

36. Bravo-Osuna, I.; Vicario-de-la-Torre, M.; Andrés-Guerrero, V.; Sánchez-Nieves, J.; Guzmán-Navarro, M.; de la Mata, F.J.; Gómez,
R.; de Las Heras, B.; Argüeso, P.; Ponchel, G.; et al. Novel Water-Soluble Mucoadhesive Carbosilane Dendrimers for Ocular
Administration. Mol. Pharm. 2016, 13, 2966–2976. [CrossRef]

37. Ghasemiyeh, P.; Mohammadi-Samani, S. Solid lipid nanoparticles and nanostructured lipid carriers as novel drug delivery
systems: Applications, advantages and disadvantages. Res. Pharm. Sci. 2018, 13, 288–303.

38. Costa, C.P.; Barreiro, S.; Moreira, J.N.; Silva, R.; Almeida, H.; Sousa Lobo, J.M.; Silva, A.C. In Vitro Studies on Nasal Formulations
of Nanostructured Lipid Carriers (NLC) and Solid Lipid Nanoparticles (SLN). Pharmaceuticals 2021, 14, 711. [CrossRef]

39. Nguyen, V.H.; Thuy, V.N.; Van, T.V.; Dao, A.H.; Lee, B.-J. Nanostructured lipid carriers and their potential applications for
versatile drug delivery via oral administration. OpenNano 2022, 8, 100064. [CrossRef]
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Abstract: Exosomes are cell-derived, nano-sized extracellular vesicles comprising a lipid bilayer
membrane that encapsulates several biological components, such as nucleic acids, lipids, and proteins.
The role of exosomes in cell–cell communication and cargo transport has made them promising
candidates in drug delivery for an array of diseases. Despite several research and review papers
describing the salient features of exosomes as nanocarriers for drug delivery, there are no FDA-
approved commercial therapeutics based on exosomes. Several fundamental challenges, such as the
large-scale production and reproducibility of batches, have hindered the bench-to-bedside translation
of exosomes. In fact, compatibility and poor drug loading sabotage the possibility of delivering
several drug molecules. This review provides an overview of the challenges and summarizes the
potential solutions/approaches to facilitate the clinical development of exosomal nanocarriers.

Keywords: exosome; drug loading; exosomal delivery; large-scale production

1. Introduction

Exosomes, a subclass of extracellular vesicles, are lipid bilayer vesicles with an average
diameter of 100 nm that are secreted by all cell types. Exosomes consist of a multitude of ex-
tracellular and intracellular bioactive compounds, which play a crucial role in cellular com-
munication and cargo transport [1,2]. Extracellular components include tetraspanins (CD9,
CD81, CD63), lipid rafts, flotillin-1, integrins, and transmembrane proteins (Figure 1A).
This is in contrast with intracellular components, which include lipids, nucleic acids, and
various proteins, such as cytoskeleton proteins and heat shock proteins (Figure 1A). Exo-
somes are produced from a specific bilayer organelle called a multivesicular body (MVB)
(Figure 1B). The formation of the MVB includes several phases: (1) inward budding of the
cell membrane, (2) formation of the early-sorting endosome (ESE), (3) formation of the
late-sorting endosome (LSE), where exosome precursors called intraluminal vesicles (ILVs)
are germinating, and (4) transformation of the LSE to a mature MVB (Figure 1B) [1,2]. Exo-
some biogenesis is also associated with specific sorting mechanisms, such as the endosomal
sorting complex responsible for transport (ESCRT), which assists in cargo sequestration
and ILV budding. The diversity shown in exosome development and characteristics aids in
their isolation from other extracellular vesicles.

Exosomes possess favorable pharmacokinetic properties, biocompatibility, and tissue-
targeting abilities due to their phospholipid bilayer structure and various bioactive com-
ponents, such as mRNAs, microRNAs, cytokines, chemokines, and immunomodulatory
compounds. Moreover, exosomes have the ability to suppress inflammation, regulate cell
proliferation, and deliver biotherapeutics [3–6]. Nevertheless, the feasibility of exosomes as
therapeutic agents remains limited, which may be attributed to low exosome production
and poor drug loading. However, in recent years, there has been an increase in research
devoted to overcoming the limitations of exosome-based therapies. The incorporation of
alternative exosome sources, upstream strategies, and downstream strategies have been
used to improve the yield of exosomes. Additionally, adjustments have been made to sev-
eral commonly used drug-loading techniques, and new procedures have been developed
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to improve the drug loading of exosomes. This review summarizes the challenges and
provides potential solutions for exosome production and drug loading to facilitate the
clinical development of exosome nanocarriers.
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which assist in its characterization and many cellular functions. Exosomes are produced from a 
multivesicular body (MVB), which arises from a late-sorting endosome (LSE). The biogenesis of ex-
osomes also involves specific sorting mechanisms responsible for transportation and an intralu-
minal vesicle (ILV) budding in the LSE. The illustration was created with BioRender.com 
(https://app.biorender.com; accessed on 16 January 2023). 
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Although exosomes have been shown to possess invaluable qualities for use in na-
nomedicine, their low production rate in unaltered cell cultures remains a key challenge, 
preventing bench-to-bedside use. In addition to the low production of exosomes, large 
variability in their size also exists, resulting in a lack of reproducibility in batches [1,7,8]. 
Consequently, the need remains to develop techniques that increase exosome production, 
maintain constant morphology, and limit any negative impact on cell cultures. It is worth 

Figure 1. A schematic illustration of (A) the structure of a typical exosome and (B) the formation of ex-
osomes. The structure of the exosome consists of intracellular (lipids, nucleic acids, and proteins) and
extracellular components (tetraspanins, lipid rafts, flotillin-1, and transmembrane proteins), which
assist in its characterization and many cellular functions. Exosomes are produced from a multivesicu-
lar body (MVB), which arises from a late-sorting endosome (LSE). The biogenesis of exosomes also
involves specific sorting mechanisms responsible for transportation and an intraluminal vesicle (ILV)
budding in the LSE. The illustration was created with BioRender.com (https://app.biorender.com;
accessed on 16 January 2023).

2. Exosomal Drug Delivery: Challenges
2.1. Exosome Production and Isolation

Although exosomes have been shown to possess invaluable qualities for use in
nanomedicine, their low production rate in unaltered cell cultures remains a key challenge,
preventing bench-to-bedside use. In addition to the low production of exosomes, large
variability in their size also exists, resulting in a lack of reproducibility in batches [1,7,8].
Consequently, the need remains to develop techniques that increase exosome production,
maintain constant morphology, and limit any negative impact on cell cultures. It is worth
mentioning that attention should be given to the shelf-life, stability, and storage of exosomes
in their use as therapeutics.

Exosome isolation methods are important to increase the yield of exosomes. The
currently available techniques for exosome isolation are based on their chemical, physical,
and immunoaffinity assays and adapted from previous methods used for the isolation of
viruses and other vesicles. Ultracentrifugation, the gold standard for exosome isolation,
is one of the most applied techniques. However, its low recovery rate, low purity, and
time-consuming process are not ideal for the implementation of exosomes in nanomedicine.
Other commonly used techniques include polymer-based precipitation, ultrafiltration, size-
exclusion chromatography, immunoaffinity chromatography, and microfluidics (Table 1). It
is worth noting that the method of exosome isolation used may affect the yield and charac-
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teristics such as the size, structure, and biofunction of exosomes [3,9]. Thus, modifications
to current methods and the development of new procedures are required to increase the
yield and purity of exosomes.

Table 1. Comparison of different downstream exosome isolation techniques. The table summarizes
the advantages and disadvantages of each technique and their reported exosome recovery rate.

Isolation Technique Principle Recovery (%) Pros Cons References

Ultracentrifugation Sedimentation rate 5–20 High sample capacity
and low cost

Time-consuming
and low purity [9,10]

Density gradient
ultracentrifugation

Density, size,
shape 10–40 High purity and

protein concentration
Long run time and

low yield [9,11,12]

Polymer-based
precipitation Sedimentation rate 90+ High yield Low purity [13–15]

Ultrafiltration Size 30 Maintains integrity;
simple and low-cost

Moderate purity;
low yield due to

exosome trapping
in filter pores

[9,16,17]

Size-exclusion
chromatography Size 40–80

High purity, integrity,
and functionality;

reduction of exosome
aggregation

Low extraction
volume [9,18]

Immunoaffinity
chromatography Surface marker 90+ Maintain integrity Low capacity and

low yield [9,19,20]

Microfluidics Surface marker 40–90 Low cost and low
input sample required

Low sample
capacity; cargo

may be modified
[9,21,22]

Magnetic bead
isolation Surface marker 80+ Maintain integrity Possible

impurities [23,24]

Preservation is important for maintaining the biological functions of exosomes and
ensuring the ease of their transportation and clinical use [2,25]. Currently, there are various
techniques used to improve the storage, shelf-life, and stability of exosomes. These include
freeze-drying, spray-drying, and cryopreservation [2]. Freeze-drying, which is divided into
three stages—pre-freezing, sublimation drying, and analytical drying, leads to the cooling
of liquid components, followed by freezing. Exosomes that are stored using this method
maintain their original activity but are exposed to membrane damage. Spray-drying in-
volves the use of atomization pressure and hot air for the storage of exosomes, which may
affect the stability of these extracellular vesicles. Cryopreservation, which is conducted
at −80 ◦C, is the most commonly used method [2]. It enables the short-term storage of
exosomes through the reduction of biochemical activity so that functional stability can be
maintained. Furthermore, several studies have suggested that the addition of cryoprotec-
tants, such as trehalose or DMSO, is mildly protective in maintaining exosome ability [2,26].
Despite these benefits, cryopreservation is associated with membrane destabilization and
protein degradation, which may affect the therapeutic function of exosomes. In addition,
the storage of exosomes for four days at −80 ◦C has been noted to affect their morphology,
and at 28 days, their biological activity starts to be affected [2,27,28]. Therefore, further
analysis of the storage, stability, and shelf-life of exosomes is of utmost importance.

2.2. Exosome Drug Loading

In addition to low production and reproducibility, another key challenge in the use of
exosomes in nanomedicine is poor drug loading. Exosomes have shown favorable biocom-
patibility and therapeutic targeting abilities, thus making them valuable as a potential drug
delivery tool. However, several factors, such as the exosome size, the pharmacokinetics of
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the drug, and the drug size, may hinder the efficiency of drug loading and require more
specialized techniques [6,8,29,30]. For example, an exosome of a larger size may be loaded
with a drug more easily than one with a smaller size. Moreover, a lipid-soluble drug may
be loaded more quickly than a water-soluble drug. The exosomal structure, coupled with a
therapeutic drug, requires careful consideration in the drug-loading process. Thus, new
and improved procedures should be developed to enhance the effectiveness of exosome
drug loading.

Drug-loading techniques can be categorized based on the time of implementation—
pre-secretory or post-secretory [2]. Pre-secretory drug loading involves the loading of drugs
before the development of the exosome, whereas post-secretory refers to drug loading
after exosome development. Most drug-loading techniques are post-secretory and include
sonication, electroporation, passive incubation, and the freeze–thaw cycle (Table 2).

Table 2. A list of the different exosome drug-loading techniques and their advantages and disadvantages.

Methods Principle Advantages Disadvantages References

Pre-secretory Drug Loading

Co-incubation Drug incubated with
parent cell

Easy; effective in
hydrophobic drugs

Low loading efficacy;
possible drug toxicity [31]

Gene editing Editing of genes Overexpression of specific
molecules

Low loading efficacy;
possible toxicity [32]

Post-Secretory Drug Loading

Sonication
Mechanical shear force
decreases membrane

integrity

Large amount of drug
loaded

Possible damage to
intracellular components

and integrity
[3,33,34]

Electroporation
High-voltage electric

charge decreases
membrane integrity

Effective loading of
hydrophilic drugs and

nucleic acids

Possible aggregation; low
loading efficacy [35]

Passive incubation Passive diffusion

Effective loading of
hydrophobic drugs; does

not affect exosome
integrity

Not useful for hydrophilic
drugs; low drug-loading

capacity
[3,34,36–39]

Freeze–thaw
Repeated freeze–thaw

cycles to decrease
membrane integrity

Easy process
Low loading efficacy;

possible aggregation and
inactivation

[3,40]

Nanoporation
Nanosecond electrical

pulse decreases membrane
integrity

Effective loading of small
molecules Possible aggregation [41,42]

Saponin treatment
Formation of porous
structure on exosome

membrane

Increased loading capacity
compared to

electroporation

May cause hemolysis
in vivo; requires further

purification
[3,43]

Extrusion
Mechanical stress

decreases membrane
integrity

Provides uniform
distribution

May damage membrane;
possible drug leakage [3,44]

The advantages and disadvantages of each drug-loading technique (Table 2) depend
on the experimental settings, type of drug, and source of exosomes. Passive incubation,
for example, is a simple technique that involves the incubation of purified exosomes with
drugs to allow for incorporation into the exosome membrane [36,38,45]. For example,
the small molecule doxorubicin was passively loaded into exosomes by Wei et al. for
osteosarcoma treatment [46]. Passive incubation is primarily used due to its excellent
performance in the incorporation of hydrophobic compounds, such as curcumin [38].
Hydrophobic compounds can interact with the lipid bilayer of the exosome more effectively
than hydrophilic compounds, and thus, can be incorporated into the exosome. The loading
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of hydrophilic compounds can be enhanced with the addition of the mild surfactant
saponin, which, according to studies, induces transient membrane destabilization and
can be used for the loading of large compounds (>200 kDa) [3,43]. However, the use of
saponins may also affect biomolecules, and thus, requires purification before clinical use.
Mechanical methods, such as sonication, nanoporation, and electroporation have been
shown to successfully load small molecules and macromolecules into exosomes [8,30,47,48].
Research conducted by C Liu et al., for example, incorporated one of the mechanical
techniques, i.e., microfluidic sonication, to effectively load PLGA into exosomes isolated
from a human lung carcinoma cell line (A549) [33]. In addition, a study by Rodriguez-
Morales et al. used electroporation to effectively produce insulin-loaded exosomes for the
treatment of diabetes mellitus [35]. It is worth noting that these post-secretory drug-loading
techniques may affect the proteins and nucleic acid drugs that are incorporated into the
exosome and the structure of the exosome. The complexity of some of these methods, such
as nanoporation, may render large-scale use in a clinical setting difficult. Consequently,
there is a great need for effective drug-loading techniques that can be implemented on a
large-scale in nanomedicine.

3. Exosomal Drug Delivery: Solutions
3.1. Exosome Production and Isolation

For the use of exosomes in a clinical setting, large-scale production is required. Re-
search has identified the important areas that should be considered in addressing this
issue. These include the selection of exosome sources and modifications (upstream and/or
downstream) (Figure 2).

3.1.1. Source Selection

Exosomes can be produced from human and non-human sources. Human sources in-
volve exosome production and isolation from the cells and fluids of the body. For example,
stem cells have been shown to increase exosome production and provide larger-sized extra-
cellular vesicles—a characteristic important for effective drug loading [49–51]. Research
by Haraszti et. al. noted that human umbilical cord stem cells produce approximately
four-fold larger-sized exosomes than bone marrow mesenchymal stem cells [52]. Other
cell types need to be studied to evaluate exosome production and the therapeutic ability of
these extracellular vesicles. This may prove to be beneficial in increasing exosome yield
and improving reproducibility across batches.

The non-human sources, which arose from the increasing demand for exosome-
based therapeutics, include prokaryotes (Gram-positive bacteria and Gram-negative bacte-
ria) [53–55], bovine milk [38,56], parasitic helminths [57], plants [58], and protists [59,60].
Compared to human sources, these types of exosome sources are versatile, and hence,
more easily altered in upstream and downstream modifications than the human sources.
Their versatility is beneficial to the large-scale production and use of exosomes in vaccines,
therapeutics, and drug delivery. For example, the vesicles of the Gram-negative Neisseria
meningitidis were approved for use in vaccines [61]. However, a critical setback is that
these exosomes can be immunogenic or allergenic depending on the administration route,
dosage, and dose frequency. Furthermore, several studies have noted that the variability in
the upstream and downstream modifications used to generate these exosomes introduces
experimental bias, which consequently, affects the immunological outcomes [54,55]. In
general, it can be stated that the source from which exosomes are derived may affect their
production and properties, which may cause variable therapeutic outcomes in production.
As a result, careful consideration should be taken in selecting the appropriate source.

3.1.2. Upstream Modifications

Exosome production can be influenced by modifications to the cell culture conditions.
This may include appropriate cell selection and changes to the culture medium, the environ-
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mental parameters, and the method of cultivation. However, the alteration of cell culture
conditions may affect the structure of exosomes and the productivity of the cultured cells.
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summarized. The therapeutic value and efficacy of the drug loading of exosomes can be improved
through several methods, including the use of exosome–liposome hybrids and gene editing. The
yield and drug-secreting efficacy of exosome production can be improved through ultrasound, ultra-
centrifugation, and the use of bioreactors. Improvements in drug loading and exosome production
aid in the commercialization of exosome-based therapeutics. The illustration was created with
BioRender.com (https://app.biorender.com; accessed on 16 January 2023).

Soluble Factors

The addition of soluble factors to the cell culture medium can be used to increase
exosome production (Table 3). Bioactive cytokines, such as lipopolysaccharide (LPS) [62],
N-methyldopamine [63], norepinephrine [63], serotonin [64], adiponectin [65], adeno-
sine triphosphate (ATP) [66], Wnt3a [67], calcium (Ca2+) ionophores [64], and plant ce-
ramide [68] have been used in research to increase exosome production (Table 3). Further-
more, the upregulation of NadB, syndecan 4, and six-transmembrane epithelial antigen
of prostate 3 (STEAP3) has increased the exosomes produced in cell cultures [7,69,70].
Research has shown that the genetic overexpressions of tetraspanin CD9 and hypoxia-
induced factor 1α (HIFα) have increased exosome production by 2.4- and 2.2-fold, respec-
tively [71–73]. However, the property and therapeutic efficacy of exosomes may be affected
by the use of soluble factors. As a result, there is hesitancy in the use of soluble factors to
preserve the cell culture environment.
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Table 3. Comparison of different upstream modifications for increased exosome production and their
reported fold increase and effects.

Upstream Modifications Fold Increase Alterations and Effects References

Soluble Factors

Lipopolysaccharide (LPS) 1.37 Upregulation of let-7b increased
immunotherapeutic effect [62]

N-methyldopamine and norepinephrine 3 No significant change [63]

Serotonin and calcium 2–2.5 - [64]

Adiponectin 3 Present in exosomes [65]

ATP 4 No significant change [66]

Wnt3a - Present in exosomes;
increased neuroprotective abilities [67]

Plant ceramide 2.5 - [68]

Chemical/physical stimulation

Hypoxia 1.5 Dependent on cell type; increased
expression of nucleic acids and proteins [71,72,74,75]

Serum deprivation Varies Decreased exosome protein content [52,76]

Flow/stretch 37 Over 200 proteins expressed differently
from typical exosomes [77,78]

High-frequency ultrasound 8–10 Increased exosome protein content [79]

3D cultivation

3D spheroid culture 2–3 - [80]

Microcarrier-based suspension
20; 140 with

tangential flow
system

No significant change [52,81–83]

3D print fibrillar scaffold with
perfusion system 100 Decreased exosome protein content [84]

Low-shear unsubmerged 3D-printed
polylactic acid lattice matrix 2 Maintained protein expression [85]

Biomaterials

Nitric oxide-releasing polymer Not
significant Enhanced pro-angiogenic activity [86]

Lithium-incorporated bioactive
glass ceramic

Not
significant Enhanced pro-angiogenic activity [87]

Iron-oxide coated
poly-lactic-co-glycosidic acid

(PLGA) nanoparticle
2 Increased antioxidant or tissue

regeneration factors [88]

Bioglass 2
Modulation of cargo through altered
expression of microRNA; enhanced
ability to promote vascularization

[89]

EXOtic ~6.8 - [69]

Chemical and Physical Stimulation

Alterations to the cell culture environment may cause cellular adaptation and conse-
quently lead to changes in the characteristics of cells, thus resulting in increased exosome
production. On this basis, chemical or physical damage-mimetic micro-environments
have been created to increase exosome production and subsequent therapeutic functions
(Table 3).
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Chemical stimulations, such as hypoxia, have been shown to produce exosomes with
enhanced therapeutic effects [71,72,74,75]. Serum deprivation, another example of chemical
stimulation, exhibits variable effects on exosome production. Moreover, studies have
revealed that the ability of serum deprivation to increase exosome production depends on
the cellular origin [76,90]. Physical simulation involving flow and stretching factors, such as
bioreactors, can increase exosome production. Studies involving the use of bioreactors have
shown elevated exosome production by up to 37-fold [77,78]. Ambattu et al. employed
another technique, where cells were stimulated with high-frequency ultrasound, resulting
in an 8-10-fold increase in exosome production [79]. It is worth noting that the use of
chemical and physical stimulations may affect the cellular characteristics.

3D Culture

The mode of cultivation, such as 3D culture, can be used to expand the cell culture
area, and exosome production can be increased by continually applying a shear force to the
enlarged area (Table 3). Methods of 3D culture include the hanging drop in a 3D spheroid
culture and the microcarrier-based suspension culture. The efficiency of the hanging-drop
technique plateaued after a 2–3-fold increase [80]. The microcarrier-based suspension
culture, an extensively used suitable method for 3D culture, showed increased exosome
production of approximately 20-fold [81–83]. Additionally, in combination with a tangential
flow filtration system, exosome production was further increased by 140-fold [52]. Recently,
Patel et. al. cultured cells on a 3D-printed hollow fibrillar scaffold with a complementary
perfusion system and reported a 100-fold increase in exosome production [84]. However,
later experiments conducted by Patel et al. demonstrated that the structure and components
of exosomes were substantially affected. It was noted that the extracellular components
were significantly decreased, and the complex process of the 3D printing scaffold required
special training. In another study, Burns et. al. developed a low-shear technique for 3D cell
cultivation that was reported to maintain cell viability, purity, and phenotype [85]. Notably,
in 3D cell cultivation, the conditions of the cell culture and the shear force applied requires
careful evaluation to limit the effects on cell viability and phenotype.

Biomaterials

Biomaterials could improve exosome productivity and their therapeutic ability by
creating a special microenvironment for cellular interaction. Biomaterials used in cell
culture include nitric oxide-releasing polymer [86], lithium-incorporated bioactive glass
ceramic [87], iron oxide-coated polylactic-co-glycolic acid (PLGA) nanoparticles [88], and
bioglass [89] (Table 3). Kojima et al. showed that the application of exosomal transfer into
cells (EXOtic) devices for cell culture significantly increased exosome production and their
therapeutic capability [69]. The EXOtic devices also enhanced the specific mRNA packaging
and the delivery of the mRNA into the cytosol of the target cells, thus facilitating efficient
cellular communication. The combination of biomaterials with cultivation technologies
could also be used to further enhance exosome production.

3.1.3. Downstream Modifications

To address the challenges associated with exosome isolation, new methods have been
developed to improve exosome purity and achieve a greater yield. A one-step sucrose
cushion ultracentrifugation was developed to improve the yield and purity of exosomes
from the established ultracentrifugation. This procedure involves the addition of 30%
sucrose solution followed by cell culture media, without mixing the layers [91]. Gupta
et al. reported that the exosome cup-shaped morphology was greater than differential
ultracentrifugation, thus demonstrating reduced size variability [91]. Modifications have
also been made to other exosome isolation techniques, such as magnetic bead-based iso-
lation and immunoaffinity chromatography. Smith et al. created a simple, size-based
nanoscale deterministic lateral displacement array of microfluidic channels to collect exo-
somes, demonstrating ~50% recovery [92]. In a study by Z et al. an ExoSD microfluidic chip
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with an immunocapture-based method was developed to achieve exosome isolation [93].
The microfluidic chips reported >80% exosome recovery and >83% purity [93]. Heath et al.
developed a cost-effective, high-throughput isolation technique called anion exchange
chromatography to increase exosome yield [94]. Using higher flow rates and step elution,
the authors utilized the net negative charge of exosomes to obtain 2.4x1011 exosomes, a
quantity that was reported to be greater than that obtained using ultracentrifugation and
tangential flow filtration [94].

Research into improving exosome isolation has also regarded the use of aptamer-based
separation techniques [95,96]. Aptamers are single-stranded oligonucleotides that form
distinct structures which bind to targets such as the extracellular components of exosomes
(tetraspanins, transmembrane proteins). Zhang et al. developed a DNA aptamer-based
magnetic isolation process to efficiently increase the yield of exosomes [97]. The process
involved the addition of a biotin-labeled CD63 component to media and the subsequent
separation of the labelled exosomes with streptavidin magnetic beads [97]. Another study
by Song et al. also involved the use of a CD63-targeting aptamer for magnetic bead-based
exosome immunoaffinity isolation [95]. Jiawei et al. developed a magnetic bead-based
isolation technique in which tetraspanin markers (CD63, CD9, CD81) are combined with
metal oxides for exosome isolation [24]. In addition, Zhang et al. discovered a novel three-
step procedure involving PEG precipitation followed by iohexol gradient centrifugation
and size exclusion chromatography for exosome enrichment and recovery [15]. Zhang
et al. reported that the procedure produced high purity and yield of exosomes, resulting in
71% recovery and almost complete elimination of other lipoproteins [15]. Importantly, the
modified or newly developed procedures for downstream modifications may assist in the
large-scale use of exosomes as a drug delivery vehicle in a clinical setting.

3.2. Exosome Drug Loading

The clinical translation of exosomes requires reproducible and technologically accessi-
ble methods to load these extracellular vesicles with the desired drug (Figure 3). Several
techniques have been modified or newly developed to assist in effective exosome drug
loading, as discussed below.

3.2.1. Pre-Secretory Drug Loading

Pre-secretory drug loading can be performed in two ways: (1) the incubation of a
parent cell with the drug or (2) gene editing [98]. In incubation, the drug is directly mixed
with the cell culture medium. The drug is internalized into the cells and subsequently
loaded into exosomes via endogenous mechanisms. This technique is more effective in
hydrophobic drugs due to their ability to interact with the exosome membrane. Research
has shown that drugs such as methotrexate, doxorubicin, cisplatin, and paclitaxel have
been successfully taken up by parent cells and loaded into exosomes for therapeutic
treatment in different cancers [8,47,99]. Additionally, Zhang et al. demonstrated the
transfection of parent cells with a siRNA-targeting tyrosine kinase c-Met in the treatment
of gastric cancer [100]. The exosomes extracted, which were enriched with anti-c-Met
siRNA, resulted in a significant decrease in tumor growth in mouse xenograft models,
thus reversing the resistance of gastric cancer cells in vitro to cisplatin. Pre-secretory drug
loading can also be accomplished through gene editing by adding plasmids to parent
cells to produce exosomes enriched with nucleic acids or proteins. A study done by
Yuan et al. demonstrated effective loading of the potent anti-cancer tumor necrosis factor-
related apoptosis-induced ligand (TRAIL), a molecule known for its poor pharmaceutics, in
mesenchymal stem cell-derived exosomes [30,101]. In addition, O’Brien et al. showed that
miR-134 loaded exosomes were able to successfully reduce cellular invasion and migration
and had improved sensitivity to anti-Hsp90 drugs [102,103]. Recently, a study by Yang et al.
revealed that gene editing, coupled with nanoporation, successfully loaded a phosphatase
and TENsin homolog deleted on chromosome 10 (PTEN) mRNA [104]. According to
Yang et al., when loaded into exosomes, PTEN mRNA, a common tumor suppressor
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gene, produced a 50-fold increase in exosomes and a 1000-fold increase in exosomal
mRNA transcripts compared to other drug-loading methods [104]. The authors further
pointed out that large quantities of PTEN mRNA-containing exosomes were produced,
and following systemic injection, displayed an increased survival rate in PTEN-deficient
glioma mouse models [104]. Importantly, a novel pre-secretory drug-loading technique
was developed by Nawaz et al. using lipid nanoparticles [105]. The authors delivered a
therapeutic agent, VEGF-A mRNA, via lipid nanoparticles and studied the uptake kinetics
and transport of the exogenous nanoparticles [105]. The results showed that the lipid
nanoparticles altered the exosomes as functional extensions to distribute the therapeutic
agent among cells [105]. Additionally, the exosomes themselves increased the production
of the therapeutic component and other pro-angiogenesis agents for the treatment of
inflammatory cardiac conditions [105]. Of note, the cell type used affected the functionality
of the exosomes, whereby cardiac progenitor cells resulted in the lowest production of
inflammatory agents [105]. The pre-secretory drug-loading method and the cell type used
are important factors to consider for effective drug loading and the subsequent use of
exosomes in a clinical setting.

3.2.2. Post-Secretory Drug Loading

Post-secretory drug-loading methods generally work in two ways: (1) the passive
incubation of the drug with the exosomes to allow the drug to attach to the exosome lipid
bilayer membrane, or (2) the use of mechanical or chemical techniques to momentarily
weaken the integrity of the exosome membrane to allow for the diffusion of the drug
into the extracellular vesicles. With the increased interest in the use of exosomes as drug
delivery tools, new approaches for post-secretory drug loading have been considered over
the last few years. Wang et al. developed an acoustofluidic device, which is a combination
of fluid mechanics and acoustics, to perform both exosome drug loading and encapsulation
with silica nanoparticles [39,106–108]. In this single-step process, drug loading significantly
improved with a reported 70% efficacy [39].

Methods based on liposome–exosome fusion have also recently been proposed [109,110].
Additionally, Li et al. successfully incubated and merged the cargo of exosomes with
liposomes containing fusogenic lipids, providing an alternative approach to the efficient
loading of larger molecules [110]. Liposome–exosome hybrids allow for the incorporation
of drugs without compromising the exosome membrane. It combines the advantages
of the liposomes (ease of drug loading) with that of the exosomes (biocompatibility and
targeting abilities) for effective drug loading and delivery. In another study, Yim et al.
established a unique optogenetic exosome system via optically reversible protein–protein
interactions (EXPLORs) [48]. The effective loading of cargo proteins into the exosomes was
demonstrated using a reversible protein–protein interaction module controlled by blue
light via the exosome endogenous biogenesis pathway [48]. It was noted that the protein-
loaded EXPLORs delivered to the cytosols of target cells resulted in a significant increase
in the intracellular levels of cargo proteins and their functions in vitro and in vivo [48].
Osteikoetxea et al. developed a new method for the successful loading of the clustered
regularly interspaced short palindromic repeats (CRISPR/Cas9) into exosomes through the
reversible heterodimerization of Cas9 fusions with exosome-specific components, such as
tetraspanins [111].

New drug-loading methods have also considered the use of ubiquitination tags as a
sorting sequence to facilitate effective drug loading [112]. An engineered ubiquitin tag was
developed, and its fusion with proteins, such as enhanced green fluorescent protein, led to
the loading of proteins into the exosome [112]. Another method involving a short ubiquitin
tag with specific binding to the L-domain motif of Ndfip1 resulted in the efficient loading
of proteins into exosomes [32]. The use of a non-functional mutant Nef protein facilitated
the sorting of proteins into exosomes through its association with the exosomal lipid–raft
microdomains [112]. In addition, Sutaria et al. developed a mechanism for the effective
loading of miR-199a into exosomes via the trans-activating response element sequence,

294



Pharmaceuticals 2023, 16, 421

trans-activator of transcription, and Lamp2a (a component responsible for the loading of
proteins into exosomes) [113]. In one study, HuR, an RNA-binding protein, was fused to the
tetraspanin CD9 to be localized in the exosomal lumen to facilitate the loading of miR-155
into the exosome [114]. These alternative drug-loading methods, coupled with exosome
isolation methods, may assist in the large-scale use of exosomes in a clinical setting.
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3.3. Targeted Exosome Delivery

In addition to effective drug loading, the development of targeted exosomes that
are capable of high specificity and prolonged therapeutic function is of importance, as
the ability of exosomes to administer the therapeutics to specific organs/tissues would
reduce the possibility of undesired cellular interactions. Moreover, the administration of
targeted exosomes would result in prolonged systemic circulation through the evasion
of the mononuclear phagocyte system, which would aid in improving the therapeutic
value of exosomes in nanomedicine. As such, a study incorporated various techniques
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to develop effective targeted exosomes and protection from the mononuclear phagocyte
system [30]. The most common approach involves the grafting of hydrophilic polymers,
such as polyethylene glycol (PEG), onto the exosome lipid bilayer membrane. The contact
between exosomes and opsonin is impeded by these hydrophilic polymers, thus leading to
prolonged systemic circulation. To circumvent this, Antes et al. engineered a protective
‘cloaking’ platform for modified exosomes to reduce their clearance by the phagocyte
system [115]. However, despite its simplicity, cloaking must be done on each exosome, and
as such, can be time-consuming.

Another approach to the development of targeted exosomes involves the modification
of the glycan composition of the surface of exosomes, which plays an important role in
uptake and cellular recognition [116]. Royo et al. reported that changes made to the sialic
residues from glycoproteins produced targeted exosomes for specific organs [117]. Guo
et al. developed targeted exosomes for bone tissue by the insertion of Golgi glycoprotein
1 into the exosome membrane [118]. The glycoprotein carried Wnt agonist 1, which
reportedly reduced bone loss, accelerated fracture healing in colitis, and increased bone
formation in mice [118]. Moreover, the presence of negatively charged phospholipids on
exosomes increased their clearance through macrophages. Accordingly, research involving
the blocking of the phospholipids has resulted in the prolonged circulation of exosomes.

Other approaches to improve the targeting ability of exosomes include the alterations
of integrins and the use of aptamers [4]. The different integrins located on the surface of
exosomes affect their pharmacokinetics and can be used to increase the accumulation of
exosomes in tissues. Rana et al. were able to increase the selective uptake of exosomes in
pancreatic cells by combining the protein Tspan with the extracellular exosome component
integrin α4 [119]. In addition to their use in exosome isolation, aptamers have also been
shown to improve the targeting ability of exosomes. Research by Zou et al. developed
aptamer-functionalized exosomes for cell-type-specific delivery of therapeutics [120]. The
recognition capability of aptamers and the transport functions of exosomes were combined
to effectively deliver molecular therapeutics or fluorophores to target tumor cells [120].

The incorporation of targeted exosomes with various drug-loading methods can
increase the therapeutic value and efficacy of exosomes as a drug delivery tool. Liang
et al. targeted colon cells specifically by fusing Her-2 to the N-terminus of Lamp2 on
exosomes [121]. Following the alteration of the exosome membrane, two therapeutics—5-
fluorouracil (electroporation) and miRNA-21 inhibitor (incubation)—were incorporated
into the exosomes [121]. The authors noted that the method enhanced cellular uptake via
the EGFR receptor-mediated endocytosis in colon cancer cells and successfully suppressed
the tumor [121]. A study by Xu et al. demonstrated the specificity of kartogenin-loaded-
targeted exosomes to the synovial fluid-derived mesenchymal stem cells by the addition of
a specific mesenchymal stem cell-binding peptide (E7) to the exosome surface. The peptide
was bound to Lamp2b, found on the surface of exosomes, and promoted mesenchymal stem
cell chondrogenic differentiation and cartilage repair [122]. In a study by Jia et al., exosomes
were loaded with superparamagnetic iron oxide nanoparticles and curcumin, followed by
the conjugation of the exosome membrane with neuropilin-1-targeted peptides using click
chemistry [123]. Through imaging and therapeutic analysis, Jia et al. reported the successful
production of glioma-targeting exosomes [123]. Targeted exosomes in combination with
drug-loading mechanisms are invaluable to the effective use of these extracellular vesicles
as a drug delivery tool in the therapeutic treatment of various diseases in a large-scale
clinical environment.

4. Conclusions

Exosomes are nanosized lipid-based extracellular vesicles that play an important role
in cellular communication and cargo transport. The immunomodulatory, pharmacokinetic,
and biocompatibility ability of exosomes have rendered these extracellular vesicles invalu-
able as a therapeutic approach for countless diseases. Studies involving the implementation
of exosome-based therapies in the treatment of various diseases have shown great promise.

296



Pharmaceuticals 2023, 16, 421

However, the use of exosome-based therapies in clinical settings is hindered by several chal-
lenges that require attention. One of the most significant challenges is exosome production
and isolation. Importantly, exosome drug loading has proven difficult, as its effectiveness
depends on the type of drug to be loaded and the source of the exosome. However, as the
interest in exosomes as potential therapeutic agents grows, new mechanisms and modifica-
tions have been made to improve exosome isolation and drug loading for their possible
use in nanomedicine.
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ESCRT Endosomal sorting complex required for transport
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EXOtic Exosomal transfer into cells
EXPLOR Exosome system via optically reversible protein–protein interactions
HIFα Hypoxia-induced factor α
HUR Human antigen R
ILV Intraluminal vesicle
LPS Lipopolysaccharide
LSE Late-sorting endosome
MVB Multivesicular body
NDFIP1 Nedd4 family interacting protein 1
NEF Negative regulatory factor
PEG Polyethylene glycol
PLGA Poly(lactic-co-glycolic acid)
PTEN Phosphatase and TENsin homolog deleted on chromosome 10
STEAP3 Six-transmembrane epithelial antigen of prostate 3
TRAIL Tumor necrosis factor-related apoptosis-induced ligand
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Z. Isolation of High-Purity Extracellular Vesicles by the Combination of Iodixanol Density Gradient Ultracentrifugation and
Bind-Elute Chromatography from Blood Plasma. Front. Physiol. 2018, 9, 1479. [CrossRef] [PubMed]

13. Rider, M.A.; Hurwitz, S.N.; Meckes, D.G. ExtraPEG: A Polyethylene Glycol-Based Method for Enrichment of Extracellular
Vesicles. Sci. Rep. 2016, 6, 23978. [CrossRef] [PubMed]

14. Emam, S.E.; Ando, H.; Lila, A.S.A.; Shimizu, T.; Ukawa, M.; Okuhira, K.; Ishima, Y.; Mahdy, M.A.; Ghazy, F.S.; Ishida, T. A Novel
Strategy to Increase the Yield of Exosomes (Extracellular Vesicles) for an Expansion of Basic Research. Biol. Pharm. Bull. 2018, 41,
733–742. [CrossRef]

15. Zhang, X.; Borg, E.G.F.; Liaci, A.M.; Vos, H.R.; Stoorvogel, W. A Novel Three Step Protocol to Isolate Extracellular Vesicles from
Plasma or Cell Culture Medium with Both High Yield and Purity. J. Extracell. Vesicles 2020, 9, 1791450. [CrossRef]

16. Benedikter, B.J.; Bouwman, F.G.; Vajen, T.; Heinzmann, A.C.A.; Grauls, G.; Mariman, E.C.; Wouters, E.F.M.; Savelkoul, P.H.;
Lopez-Iglesias, C.; Koenen, R.R.; et al. Ultrafiltration Combined with Size Exclusion Chromatography Efficiently Isolates
Extracellular Vesicles from Cell Culture Media for Compositional and Functional Studies. Sci. Rep. 2017, 7, 15297. [CrossRef]

17. Guerreiro, E.M.; Vestad, B.; Steffensen, L.A.; Aass, H.C.D.; Saeed, M.; Øvstebø, R.; Costea, D.E.; Galtung, H.K.; Søland, T.M. Effi-
cient Extracellular Vesicle Isolation by Combining Cell Media Modifications, Ultrafiltration, and Size-Exclusion Chromatography.
PLoS ONE 2018, 13, e0204276. [CrossRef]

18. Gámez-Valero, A.; Monguió-Tortajada, M.; Carreras-Planella, L.; Franquesa, M.; Beyer, K.; Borràs, F.E. Size-Exclusion
Chromatography-Based Isolation Minimally Alters Extracellular Vesicles’ Characteristics Compared to Precipitating Agents. Sci.
Rep. 2016, 6, 33641. [CrossRef]

19. Sharma, P.; Ludwig, S.; Muller, L.; Hong, C.S.; Kirkwood, J.M.; Ferrone, S.; Whiteside, T.L. Immunoaffinity-Based Isolation of
Melanoma Cell-Derived Exosomes from Plasma of Patients with Melanoma. J. Extracell. Vesicles 2018, 7, 1435138. [CrossRef]
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Abstract: Marine sources contain several bioactive compounds with high therapeutic potential, such
as remarkable antioxidant activity that can reduce oxidative stress related to the pathogenesis of
neurodegenerative diseases. Indeed, there has been a growing interest in these natural sources,
especially those resulting from the processing of marine organisms (i.e., marine bio-waste), to
obtain natural antioxidants as an alternative to synthetic antioxidants in a sustainable approach to
promote circularity by recovering and creating value from these bio-wastes. However, despite their
expected potential to prevent, delay, or treat neurodegenerative diseases, antioxidant compounds
may have difficulty reaching the brain due to the need to cross the blood–brain barrier (BBB). In
this regard, alternative delivery systems administered by different routes have been proposed,
including intranasal administration of lipid nanoparticles, such as solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC), which have shown promising results. Intranasal administration
shows several advantages, including the fact that molecules do not need to cross the BBB to reach the
central nervous system (CNS), as they can be transported directly from the nasal cavity to the brain
(i.e., nose-to-brain transport). The benefits of using SLN and NLC for intranasal delivery of natural
bioactive compounds for the treatment of neurodegenerative diseases have shown relevant outcomes
through in vitro and in vivo studies. Noteworthy, for bioactive compounds obtained from marine
bio-waste, few studies have been reported, showing the open potential of this research area. This
review updates the state of the art of using SLN and NLC to transport bioactive compounds from
different sources, in particular, those obtained from marine bio-waste, and their potential application
in the treatment of neurodegenerative diseases.

Keywords: antioxidants; marine bio-waste; bioactive compounds; neurodegenerative diseases; nanos-
tructured lipid carriers; NLC; solid lipid nanoparticles; SLN; intranasal administration; nose-to-brain

1. Introduction

In recent years, the average consumption of fish, shellfish, and crustaceans has in-
creased significantly, as they can contribute positively to human health and well-being,
when combined with a healthy lifestyle [1,2]. However, this increase in the consumption
of marine organisms has led to the annual production of tens of millions of tons of solid
waste resulting from their processing. Currently, the Food and Agriculture Organization of
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the United Nations (FAO) recognizes the environmental, social, and economic problems
resulting from the landfilling of this waste [1,3,4]. To overcome this challenge, an innovative
solution has been proposed, consisting of the recovery and valorization of waste resulting
from the processing of marine organisms, as this bio-waste is a rich reservoir of various
bio-functional components [2,5]. There are already many investigations that demonstrate
the potential of using these products to obtain bioactive compounds with different activities
(e.g., anticancer, antimicrobial, antioxidant, and immunomodulatory) that can be used to
develop value-added products in the pharmaceutical industry for the treatment of different
diseases [2–4,6,7]. For example, bioactive compounds that can be isolated from shrimp
waste include the chito-oligosaccharides present in chitin or chitosan, omega-3, and astax-
anthin. Salmon nasal cartilage is a valuable source of proteoglycans with anti-angiogenic
activity. Fish skin is an important source of collagen, which can be hydrolyzed to bioactive
peptides. Algae contain high amounts of phytonutrients, particularly those belonging
to the gender Chlorophyta, Rhodophyta, and Phaeophyta, which are rich in dietary fibers,
omega-3, β-carotene, astaxanthin, vitamin C, and other compounds beneficial to human
health [3,8].

The scientific community already recognizes the extraordinary potential of bioactive
compounds obtained from marine bio-waste to prevent and treat various diseases, such
as those showing antioxidant activity that can prevent, delay, or treat neurodegenerative
diseases. Indeed, within the circular economy paradigm, the use of this bio-waste has
multiple benefits, promoting a more sustainable aquaculture and fishing industries, and
reducing the impact of anthropic exploitation of marine resources [1,9–11]. However,
despite the potential of these new bioactive compounds, there is still no effective therapeutic
solution for neurodegenerative diseases. Researchers have been pointed that the main
challenge is the difficulty for molecules to cross the blood–brain barrier (BBB) to reach the
brain. Different approaches have been investigated to circumvent this problem. Among
them, the use of lipid nanoparticles (i.e., solid lipid nanoparticles—SLN and nanostructured
lipid carriers—NLC), administered by alternative routes, such as the intranasal (i.e., nose-
to-brain route), has been described as the most promising option [12–17].

This review work begins with a description of the different pathophysiological mecha-
nisms underlying neurodegenerative diseases, followed by the presentation of examples of
bioactive compounds obtained from marine bio-waste with potential antioxidant activity
in the management of these diseases. Finally, the state-of-the-art use of intranasal SLN and
NLC to transport bioactive compounds directly to the brain, promoting the treatment of
neurodegenerative diseases, is presented.

2. Neurodegenerative Diseases

Neurodegenerative diseases are a group of debilitating conditions that result from
progressive damage inflicted on cells and nervous system, with abnormal deposition of
proteins and the progressive loss of synapses and neurons [18,19]. Due to the different
pathophysiological mechanisms underlying these diseases, they present a wide spectrum
of clinical manifestations. With neurodegenerative disease progression, the severity of the
symptoms gradually increases, resulting in a reduced ability to live independently and in a
huge impact on the patients’ quality of life [19].

Some examples of neurodegenerative diseases include Alzheimer’s disease, vascular
dementia, frontotemporal dementia, mixed dementia, and dementia with Lewy bodies,
which are characterized by cognitive deficits and memory loss. On the other side, neurode-
generative diseases that mainly affect the locomotor system include Amyotrophic lateral
sclerosis, Huntington’s disease, Parkinson’s disease, Multiple sclerosis, and Spinocerebellar
ataxias [20,21]. In the present review, the most prevalent and debilitating neurodegenera-
tive diseases will be explored, namely Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, and amyotrophic lateral sclerosis.

Alzheimer’s disease is the most common neurodegenerative disease, corresponding
to 60% to 80% of cases of dementia [22]. This illness was described for the first time in
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1906 by Alois Alzheimer, and is characterized by the extracellular deposition of amyloid-β
(Aβ) peptide in senile plaques, by the intraneuronal accumulation of hyperphosphorylated
tau protein (leading to the formation of intracellular neurofibrillary tangles), as well as
by oxidative stress, neuroinflammation, ferroptosis, and synaptic loss [23,24]. The main
symptoms expressed by the patients are persistent and frequent memory difficulties, vague
speech, delay in performing routine activities, emotional unpredictability, and inability to
understand questions and instructions [25].

Parkinson’s disease is a complex neurological disease with early death of dopaminer-
gic neurons in substantia nigra pars compacta and is characterized by Lewy bodies formation,
oxidative stress, iron overload, mitochondrial dysfunction, ferroptosis, and neuroinflamma-
tion. It affects about 0.1–0.2% of the population, and patients experience motor symptoms
such as tremor, bradykinesia, rigidity, and postural instability [26,27], and also non-motor
symptoms such as depression and sleep problems [28].

Multiple sclerosis is recognized as a chronic inflammatory and demyelinating disease
that affects 2.1 million people worldwide [29]. The defects in oligodendrocyte regeneration
and myelin damage leads to axonal degeneration, which constitutes the main cause for the
progression of the irreversible neuronal destruction that leads to permanent disability [30].
Symptoms experienced by patients include walking impairment, weakness, cognitive
impairment, depression, and fatigue [31].

Amyotrophic lateral sclerosis is a neurodegenerative disease characterized by the
selective dysfunction and loss of motor neurons in specific brain regions, with aggregation
and accumulation of ubiquitinated proteinaceous inclusions, consequently leading to paral-
ysis and death [32–34]. This neurodegenerative disease has an incidence of approximately
1.2–6 per 100.000 persons annually [34]. In most cases of amyotrophic lateral sclerosis,
there is no family history associated, but in about 10% of cases, a dominantly inherited
autosomal mutation occurs in distinct genes, such as in superoxide dismutase 1 (SOD1),
C9orf72, and TAR DNA-binding protein 43 (TDP-43) genes [35]. The main symptoms
are progressive muscle weakness, slowness of movements with muscle stiffness, muscle
atrophy, and muscle cramps [33]. In the next sub-section, the main pathophysiological
mechanisms common to these neurodegenerative diseases will be addressed.

2.1. Main Pathophysiological Mechanism Underlying Neurodegenerative Diseases

Although the mentioned neurodegenerative diseases are complex and present dif-
ferent symptoms and underlying mechanisms, several common mechanisms have been
studied aiming to explain the development and progression of these pathologies. Figure 1
summarizes the main pathophysiological mechanisms that appear to be common to distinct
neurodegenerative diseases, including oxidative stress and mitochondrial dysfunction,
neuroinflammation, protein misfolding, and iron overload and ferroptosis.

2.1.1. Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress is considered a state in which free radicals and their products are in
excess when compared to the levels of antioxidant defenses. Under normal cellular condi-
tions, reactive oxygen species (ROS) and reactive nitrogen species (RNS) play an important
physiological role, and their intracellular concentrations are kept at low or moderate levels
by an endogenous antioxidant system. When the production of ROS/RNS surpasses the
capacity of the endogenous antioxidant system, the onset of several adverse mechanisms
is observed, such as interaction with lipids, proteins, and DNA, which contribute to cell
degeneration [36].

The brain has several features that make it very susceptible to oxidative stress [37]:
(i) membrane lipids contain high levels of polyunsaturated fatty acids (PUFAs) that are the
preferred substrate for lipid peroxidation; (ii) high consumption of oxygen that contributes
to the generation of superoxide anions; (iii) lower concentrations of antioxidant enzymes
(catalase—CAT, superoxide dismutase—SOD and glutathione peroxidase—GPx); (iv) high
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concentration of iron, which promotes participation in the Fenton reaction and in the
generation of ROS.
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Figure 1. Common pathophysiological mechanisms underlying the most prevalent and debilitating
neurodegenerative diseases. Neurodegenerative diseases are a group of debilitant conditions that
result from the progressive damage inflicted to the neuronal cells and nervous system, with abnor-
mal deposition of proteins, and with the progressive loss of synapses and neurons. Alzheimer’s
disease, Parkinson’s disease, Amyotrophic Lateral Sclerosis, and Multiple Sclerosis are examples
of complex neurodegenerative diseases sharing several common pathophysiological mechanisms,
such as: (1) iron overload, (2) mitochondrial dysfunction and oxidative stress, (3) neuroinflammation,
and (4) protein misfolding. Iron has essential functions in the brain and, therefore, needs to cross
the blood–brain barrier (BBB) to reach this organ. The most elucidating hypothesis of the passage of
iron through the luminal membrane of the capillary endothelium mainly occurs through the transfer-
rin/transferrin receptor (Tf/TfR) pathway. This process starts with the binding of the complex ferric
iron (Fe3+)-Tf to the extracellular portion of transferrin receptor (TfR), followed by the endocytosis of
the complex, formation of endosome, and acidification of the microenvironment within endosome.
Next, occurs the dissociation of iron from Tf and the reduction of ferric iron (Fe3+) to Fe2+ by the
ferrireductase six-transmembrane epithelial antigen of prostate 3 (STEAP3). Fe2+ accumulates in
cytoplasm, forming the labile iron pool (LIP), and the excess of intracellular iron is then stored in
ferritin. Ferritinophagy is defined as the autophagic degradation of ferritin, a process mediated by
nuclear receptor coactivator 4 (NCOA4). Ferritin, in combination with NCOA4, is transported to the
lysosomes for degradation, being then the iron released for cellular physiological activities. However,
when this metal is in excess, it participates in Fenton reaction leading to a cycle between the two
redox states and prompting the generation of •OH, promoting lipid peroxidation and ferroptosis,
a new type of regulated cell death. Ferroptosis is also characterized by an inhibition of System Xc-,
with the consequent decrease in glutathione peroxidase 4 (GPX4) activity and promotion of lipid
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peroxidation, leading to neuronal damage. Mitochondria are essential organelles for eukaryotic life,
producing most of the energy or adenosine triphosphate (ATP) required by the cell, being responsible
for cellular respiration and oxidative phosphorylation. Changes in the correct functioning or in
structures involved in this process lead to a decrease in ATP production, to the accumulation of
reactive oxygen species (ROS), and to the release of apoptosis-inducing factors, leading to oxidative
stress and cell death. Neuroinflammation is another pathological mechanism present in neurode-
generative diseases, and results from the presence of chronically activated glial cells (astrocytes and
microglia) in the brain, which release cytokines and chemokines that are toxic to neurons. Finally,
protein misfolding and aggregation of specific proteins into toxic products is a common feature
of neurodegenerative diseases. Depending on the type of protein involved and the pathology in
question, its aggregation promotes different consequences. For example, in Alzheimer’s disease,
amyloid beta peptide (Aβ), originating from the fragmentation of amyloid precursor protein (APP),
accumulates in the brain in the form of senile plaques. In Parkinson’s disease, α-synuclein (α-syn) is
often found accumulated and aggregated and has several harmful effects. GR: Glutathione reductase;
GSH: Reduced glutathione; GSSG: Glutathione disulfide.

Mitochondria are essential organelles for eukaryotic life, producing most of the en-
ergy or adenosine triphosphate (ATP) required by the cell, being responsible for cellular
respiration and oxidative phosphorylation, and also being involved in maintaining calcium
levels at physiological concentrations in the cytosol and intervening in the apoptotic cell
death mechanism. The process of oxidative phosphorylation occurs via electron transport
chain, consisting of four complexes that transfer electrons from NADH (nicotinamide
adenine dinucleotide) and FADH2 (flavin adenine dinucleotide) to molecular oxygen. The
energy released by the oxidation of these substrates is used to generate a proton gradient
in the mitochondrial membrane that will be used in complex V for the synthesis of ATP.
Changes in the correct functioning or structures of this process originates a decrease in
ATP production, to the accumulation of ROS, and to the release of apoptosis-inducing
factors, leading to cell death [38]. This organelle is the main generator of ROS, but also its
main target. The process of oxidative phosphorylation involves the interaction between
unpaired electrons with molecular oxygen (O2), leading to the generation of superoxide
anion (O2•−). This radical is further converted in H2O2 by SOD. In the presence of Ferrous
iron (Fe2+), H2O2 can be converted into the highly reactive hydroxyl radical though the
Fenton reaction, leading to oxidative damage [39–41].

Mitochondria undergo constant morphological changes by the process of continuous
cycles of fusion and fission. The balance between these two processes determines the
function of this organelle, controls its bioenergetic function and mitochondrial turnover, and
protects mitochondrial DNA [42,43]. Besides, as mentioned, mitochondria play a pivotal
role in maintaining the normal Ca2+ homeostasis. This cation is transported across the
inner mitochondrial membrane via the electrogenic mitochondrial calcium transporter [44].
Changes in the mitochondrial influx/efflux of Ca2+ leads to a deregulation of mitochondrial
Ca2+ homeostasis and, consequently, in mitochondrial Ca2+ overload. This Ca2+ overload
induces oxidative stress and the opening of permeability transition pore, which can be
an initial trigger for apoptotic and necrotic cell death. Besides that, it can also stimulate
the activity of nitric oxide synthetase to generate NO•, which results in inhibition of via
electron transport chain and leads to subsequent ROS production [45].

The connection of Parkinson’s disease, mitochondrial dysfunction, and oxidative
stress has been proven in many studies. For example, in 2016 a study concluded that
Parkinson’s disease is associated with increased levels of oxidative biomarkers, such as
lipid peroxides and malondialdehyde and SOD activity, and inversely correlated with the
levels of antioxidant defenses, such as the total radical trapping antioxidant parameter,
SH-groups, and catalase activity, promoting oxidative stress and cell damage [46]. In the
case of amyotrophic lateral sclerosis, a relationship was found between disease progression
and glutathione peroxidase 4 (GPX4) levels, an enzyme belonging to the antioxidant system,
which is responsible for preventing the formation of lipid peroxides. A group observed
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that in a mouse model of ferroptosis with GPX4 neuronal inducible knockout, the ablation
of GPX4 in neurons resulted in a rapid paralysis and severe muscle atrophy, which are
features of amyotrophic lateral sclerosis [47].

For Alzheimer’s disease, Zweig and colleagues analyzed the protective effects of
Centella asiatica (a natural compound with antioxidant properties) in five FAD mice. The
group concluded that Centella asiatica improved spatial and contextual memory, with
concomitant increased antioxidant gene expression and a decrease in the Aβ plaque burden
relative to control animals, demonstrating the importance of antioxidant compounds
in the treatment of Alzheimer’s disease [48]. In addition, autopsy studies of multiple
sclerosis patients revealed that active lesions of the white matter and cerebral cortex,
demyelination, and neurodegeneration were associated with the presence of oxidized
lipids in myelin membranes and apoptotic oligodendrocytes [49]. Overall, oxidative stress
and mitochondrial dysfunction have been extensively reported as major contributors to the
neuronal loss observed in several neurodegenerative diseases [50–59].

2.1.2. Neuroinflammation

Neuroinflammation is the complex innate immune response of neural tissue to foreign
bodies of the body. This process plays a role in neural tissue fix and resolution. However, in
neurological diseases, neuroinflammation becomes persistent and detrimental to neuronal
cells [60].

The inflammatory process in the central nervous system (CNS) results primarily
from the presence of chronically activated glial cells (astrocytes and microglia) in the
brain. Glial cells are the most abundant and widely distributed cells in the CNS, which
interact with neurons and immune cells, as well as with blood vessels. Microglia are
immune cells of the brain, being the neural tissue’s defense system. Their main functions
in the CNS include removal of accumulated or deteriorated neuronal and tissue elements,
interacting with neurons, regulating synaptic processes, and maintaining brain homeostasis.
Upon stimulation or alterations at the brain level, microglia are morphologically altered,
and inflammatory molecules, cytokines, and chemokines are released, which leads to
neuroinflammation [61].

Astrocytes play a direct and important role in mediating neuronal survival and func-
tion in neurodegenerative diseases. The function of astrocytes (neuroprotective or neu-
rodegenerative functions) depends on the microenvironment that astrocytes and neurons
share. Astrocytes release neurotrophic factors such as nerve growth factor (NGF), glial cell
line-derived neurotrophic factor (GDNF), mesencephalic astrocyte-derived neurotrophic
factor (MANF), neurotrophin-3, and basic fibroblast growth factor (bFGF), and metabolic
substrates, such as lactate and glutathione, to counteract neuronal death. Additionally, they
provide protection by siphoning off the excess of excitotoxic agents, such as glutamate,
potassium, and calcium [62,63]. Nonetheless, when astrocytes undergo a state of gliosis
in response to neuronal injury, they release cytokines and chemokines that are toxic to
neurons, further contributing, together with microglia, to neuronal damage [63].

Neuroinflammation is present in many neurodegenerative diseases. In Alzheimer’s
disease, increased levels of tumor necrosis factor (TNF)-α and lower levels TNF-β were
detected in the cerebrospinal fluid (CSF) of mild cognitive impairment patients when com-
pared with the controls [64]. Regarding Parkinson’s disease, postmortem analyses indicated
that the levels of cytokines are significantly elevated in the substantia nigra of patients [65,66].
In amyotrophic lateral sclerosis patients, an increase in active microglia and astrocytes was
observed [67,68]. Lastly, in the cuprizone-induce demyelination experimental autoimmune
encephalomyelitis (EAE) model, activated microglia were found in lesions of the CNS and
were associated with CNS inflammation in multiple sclerosis [69]. Overall, several studies
reported the presence and contribution of neuroinflammation to the progression of distinct
neurodegenerative diseases [70–78].
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2.1.3. Protein Misfolding

Protein misfolding and aggregation of specific proteins into toxic products is a common
feature of neurodegenerative diseases. Under physiological conditions, cells are normally
exposed to misfolded proteins (due to alterations in biogenesis, diseases-causing mutations,
or endogenous inducers), but have the capability to counteract this effect by degrading or
refolding misfolded proteins though the activity of chaperone proteins. However, under
pathological stress, the protein misfolding promotes synaptic dysfunction and neuronal
cell death. The mechanisms by which they exert their toxicity are not clearly defined, but it
appears to act primarily by toxic gain-of-function and dominant-negative effects.

Depending on the type of protein involved and the pathology in question, its aggrega-
tion promotes different consequences. For example, in Alzheimer’s disease, Aβ peptide
originating from the fragmentation of amyloid precursor proteins (APP) accumulates in the
brain in the form of senile plaques [79]. As a consequence, the Aβ overproduction induces
its aggregation into oligomers, forming amyloid plaques that are visible in pathologic
samples [80]. These plaques are toxic and can induce inflammation, hyperphosphorylation
of the tau protein, excitotoxicity, and oxidative stress, and in the presence of iron, can also
promote ROS generation [80].

In Parkinson’s disease, α-synuclein is often found accumulated and aggregated and
has several harmful effects. The phosphorylation and fibrilization of α-synuclein leads
to Lewy bodies formation, which is mainly responsible for the death of dopaminergic
neurons [81]. Additionally, α-synuclein can induce the loss of presynaptic proteins, the
decrease of neurotransmitter release, the enlargement of synaptic vesicles, the inhibition
of synaptic vesicle recycling, and also perturbations in calcium homeostasis [82]. Besides,
it inhibits mitochondrial complex I, inducing the selective oxidation of ATP synthase and
causing mitochondrial lipid peroxidation, leading to generation of ROS and cell death [83].

Several misfolded proteins are also associated with amyotrophic lateral sclerosis, such
as SOD1, TDP-43, ubiquilin-2, and p62, which are produced through the unconventional
repeat associated non-ATG translation of the repeat expansion in C9ORF72, which can
promote the inhibition of essential cellular functions, leading to neuronal loss [84]. Muta-
tions in SOD1 gene account for 20% of amyotrophic lateral sclerosis cases, and promote
activation of caspases, cytoskeletal abnormalities, and mitochondrial dysfunction [85].
Although involving distinct proteins, protein misfolding was extensively reported as a
pathophysiological mechanism present in distinct neurodegenerative diseases [86–91].

2.1.4. Iron Overload and Ferroptosis

Iron is a metal widely distributed in biological systems and its high availability and
chemical properties (capability to form complexes with organic ligands and favorable redox
potential to switch between its ferrous and ferric states) makes it a key component in energy-
generating processes. This metal plays a remarkably important role in cellular processes
(such as neurotransmission, DNA synthesis, oxygen transport), apart from catalyzing many
chemical reactions. Regulating iron levels by controlling its absorption, use, storage, and
excretion is extremely important, as low or high levels of this metal can have harmful
effects on the human body [92,93].

Iron has essential functions in the brain and, therefore, needs to cross the BBB to reach
this organ. The most elucidating hypothesis of the passage of iron through the luminal
membrane of the capillary endothelium is through the transferrin/transferrin receptor
(Tf/TfR) pathway. This process starts with the binding of iron-Tf to the extracellular portion
of TfR, followed by the endocytosis of the complex of iron-Tf-TfR, formation of endosome,
and acidification of the microenvironment within endosome. Next occurs the dissociation
of iron from Tf and the reduction of ferric iron (Fe3+) to Fe2+ by the ferrireductase six-
transmembrane epithelial antigen of prostate 3 (STEAP3). Lastly, the translocation of
Fe2+ across the endosomal membrane occurs, in a process mediated by the divalent metal
transporter 1 (DMT1), forming the labile iron pool (LIP) that is located in cytoplasm. The
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excess intracellular iron is then stored in the form of ferritin and, when this metal is needed,
it can be exported across the membrane via ferroportin (FPN) [94,95].

The regulation of iron levels is systemically controlled by hepcidin (which regulates its
intestinal absorption), and cellularly by iron regulatory proteins (IRPs). These proteins bind
to iron responsive elements (IREs) implicated in iron metabolism. When there is a decrease
in iron levels, IRPs bind to the IRE located in the 5′ untranslated regions of the mRNA
of iron-responsive proteins (such as FPN and ferritin), inhibiting the translation of these
proteins, leading to a reduction in iron export and free iron storage. In contrast, IRPs bind
to IRE in the 3′ untranslated regions of TfR1 and DMT1 mRNA, promoting the translation
of TfR1 and DMT1, and consequently increasing the iron uptake [96]. A dysregulation of
iron metabolism can lead to an imbalance in the normal iron redox status and levels of
Fe2+, which can participate in the Fenton reaction, leading to a cycle between the two redox
states and prompting the generation of •OH [92].

Several studies have demonstrated the involvement of iron (in excess) in the pro-
gression of neurodegenerative diseases. For example, Bao et al. observed a decrease in
FPN expression in both brains of mouse model and Alzheimer’s disease patients, with
concomitant iron deposition [97]. In Parkinson’s disease, Sofic et al. found that the levels of
total iron and ferric iron were increased (176% and 225%, respectively) in the substantia nigra
pars compacta of Parkinson’s disease patients, relative to age-matched controls [98]. Jeong
et al. evaluated the accumulation of iron in SOD1G37R transgenic mice (representative of
amyotrophic lateral sclerosis), and observed iron accumulation in the spinal cord of mice at
12 months of age. In addition, through a colorimetric ferrozine assay for the determination
of the total iron amount, a 56% increase in iron levels was observed in SOD1G37R mice
when compared to age-matched wild-type control animals [99]. Finally, using a cuprizone
mouse model of multiple sclerosis, reduced immunofluorescence labelling for ferritin and
reduced mRNA expression of ferritin heavy chain was reported in the animal’s corpus
callosumn [100].

Recently, a new type of programmed cell death has been identified called ferrop-
tosis. According to the Nomenclature Committee on Cell Death (NCCD), ferroptosis is
“a form of regulated cell death initiated by oxidative perturbations of the intracellular
microenvironment that is under constitutive control by GPX4 and which can be inhibited
by iron chelators and lipophilic antioxidants” [101]. Iron and lipid peroxides are the main
participants, but in a ferroptotic process, the depletion of glutathione, decrease in GPX4
activity, NADPH oxidation, and inhibition of System Xc- (an amino acid antiporter that
exchanges extracellular L-cystine and intracellular L-glutamate across the plasma mem-
brane, impacting the synthesis of glutathione) also occurs. Through System Xc- inhibition,
the entry of cystine into cells is interrupted, decreasing its conversion to cysteine, which
participates in the synthesis of glutathione, therefore, reducing the synthesis of this im-
portant antioxidant [102]. This type of cell death has been increasingly associated with
neurodegeneration. A study performed by Ashraf et al. analyzed the occurrence of iron
dyshomeostasis, augmented lipid peroxidation, and impaired System Xc- in Alzheimer’s
disease patients. It was observed that the expression of iron-storage proteins was increased
in Alzheimer’s disease patients when compared with the medial temporal cortex of cogni-
tively normal samples, and the levels of 4-hydroxy-2-nonenal [4-HNE, a lipid peroxidation
product) were also significantly increased. Nonetheless, the expression of DMT1 and
FPN were decreased in Alzheimer’s disease patients, and an impairment of System Xc-
was also observed [103]. In another study performed in zebrafish and in SH-SY5Y cells,
6-hydroxydopamine (6-OHDA, neurotoxin used to mimic PD) significantly reduced the
levels of glutathione and increased the levels of iron and malondialdehyde (MDA, a lipid
peroxidation marker), which indicates that this compound can induce ferroptosis in both
models of Parkinson’s disease [104].

In order to understand the involvement of ferroptosis in amyotrophic lateral sclerosis,
namely lipid peroxidation, a group measured 4-HNE levels in amyotrophic lateral sclerosis
patients and observed an increased level of this lipid peroxidation product in the serum
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and cerebrospinal fluid of sporadic amyotrophic lateral sclerosis patients when compared
with controls. In addition, the group observed that the levels of 4-HNE were elevated in
advanced stages of the disease when compared with earlier or moderate disease stages,
which means that the 4-HNE levels were positively correlated with the disease stage [105].
In the case of multiple sclerosis, dimethyl fumarate (an approved therapeutic for this
disease) was reported to modulate ferroptosis [46]. For example, the administration of
dimethyl fumarate (100 mg/kg/day, for 28 days) promoted a reduction in iron and MDA
levels in the hippocampus of a rat model of chronic cerebral hypoperfusion, as well
as increased glutathione and SOD levels. Besides, the decreased expression of System
Xc-, GPX4, and FTH1 transporter observed in the hippocampus of the chronic cerebral
hypoperfusion rat model was recovered following dimethyl fumarate treatment [46].

Alterations in iron homeostasis promote the pathophysiological effects observed in
several neurodegenerative diseases [106–108]. Furthermore, the occurrence of ferroptosis
as a type of recent cell death has been receiving increased attention given its apparent
occurrence in neurodegenerative diseases and the positive effect of inhibitors of this process
in the disease progression [109–116]. Targeting ferroptosis can thus be proposed as a
potential new therapeutic target to stop/delay neurodegenerative disease progression.

3. Marine Derived Biomolecules with Antioxidant Properties

The origin of the inflammatory events that trigger several diseases, such as cancer,
cardiovascular diseases, diabetes, and neurodegenerative diseases, is related to oxidative
stress resulting from the high production of ROS and RNS, which are not counterbalanced
by the body’s antioxidant defenses [117–119]. Thus, the understanding of oxidative stress
mechanisms, as well as the discovery of new compounds with antioxidant properties, have
been the focus of various investigations that have already demonstrated the existence of a
strong relationship between the use of antioxidant compounds and the reduction of the
risk of developing these diseases [117,120].

In recent years, the biotechnological industry has been searching for antioxidant com-
pounds from natural sources to replace artificial antioxidants, such as butylated hydrox-
yanisole (BHA) and butylated hydroxytoluene (BHT), whose safety profiles are increas-
ingly controversial as they have been associated with liver damage and carcinogenesis. In
this context, natural antioxidant molecules extracted from marine bio-waste, in particular
carotenoids, bioactive peptides, and polysaccharides, constitute promising alternatives to
the synthetic antioxidants [5,117,118]. Table 1 presents examples of antioxidant biomolecules
from marine organisms, and their properties and potential therapeutic applications.

Table 1. Examples of antioxidant biomolecules from marine organisms.

Biomolecule Natural Source Therapeutic Properties and Potential References

Astaxanthin Shrimp/crab shells
Haematococcus pluvialis

Antioxidant and anti-inflammatory properties.
Prevention and treatment of cardiovascular and

neurodegenerative diseases.
[117,121–125]

Fucoxanthin Brown algae Laminaria japonica Antioxidant and anti-inflammatory properties.
Prevention and treatment of neurodegenerative diseases. [7,121,126]

β-carotene Turban shell
Microalga Dunaliella salina

Antioxidant properties.
Prevention of liver fibrosis, acute and chronic coronary
syndrome, and neurodegenerative diseases. Protection

against UV radiation.

[117,127–130]

Collagen Cod skin Antioxidant properties.
Anti-aging. [2,131,132]

Gelatin Tuna (Thunnus spp.)
Flying squid (Ommastrephes batramii)

Antioxidant and anti-proliferative properties.
Prevention of cancer. [131]

Chitin
Crustaceans

Cuttlefish
Squid pen

Antioxidant, anticancer, antimicrobial,
and anticoagulant properties.

Immune system boosting.
Wound healing.

[133–136]
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3.1. Carotenoids

Carotenoids share a C40 isoprene structure, called a terpenoid, and are divided into
carotenes, which consist only of hydrocarbons, and xanthophylls, which are oxygenated
products of carotenes [4,7,117]. These lipophilic compounds of different colors (e.g., yellow,
orange, and red) have been widely used in the pharmaceutical and biotech industries,
mainly due to their antioxidant properties [7,121]. For instance, astaxanthin is a red xantho-
phyll predominantly isolated from the microalga Haematococcus pluvialis, which accumu-
lates very high levels of this compound under stress conditions, such as high salinity, high
temperature, and nitrogen deficiency. However, astaxanthin can also be extracted from
marine bio-waste, including shrimps and crab shells, where it is responsible for their orange
pigmentation [137,138]. Chemically, astaxanthin is a high lipophilic molecule with the IU-
PAC name 3,3′-dihydroxy-β-β-carotene-4,4′-dione, whose structure contains two rings with
a hydroxyl group and a carbonyl group separated by an unsaturated chain of carbon–carbon
double bonds. This specific configuration, namely polyene chain, confers to astaxanthin
a powerful antioxidant activity in scavenging free radicals, being 40 and 100 times more
effective as antioxidant than β-carotene and vitamin E, respectively [137,139–142]. For this
reason, the use of astaxanthin has been highlighted in several investigations due to its
valuable impact on human health, namely in the prevention of cancer and in reducing the
risk of developing cardiovascular and neurodegenerative diseases [117,141,143].

β-carotene is the main carotenoid produced by the halotolerant microalgae Dunaliella
salina, although it can also be found in turban shells [117,130]. This compound is recog-
nized for its antioxidant activity, in particular, its great ability to eliminate ROS due to its
structure with conjugated double bonds that allow accepting electrons of reactive species,
transforming them into neutral species [117,144]. Several investigations have shown that, in
addition to its antioxidant properties and potential in the prevention of neurodegenerative
diseases, β-carotene has other benefits for human health, such as the prevention of liver
fibrosis, acute and chronic coronary syndrome, and the protection of the skin against UV
radiation [117,127,144].

3.2. Bioactive Peptides

Bioactive peptides are small proteins with various physiological functions, in particular
antioxidant activity. Generally, these peptides contain 2 to 20 amino acid residues and have
the ability to scavenge ROS, chelate metal ions, and inhibit lipid peroxidation [2,5,131].

In recent years, there has been much research focused on the use of bioactive peptides,
obtained from the enzymatic hydrolysis of marine bio-waste, in the promotion of human
health as well as the prevention of chronic diseases. In particular, collagen, a protein found
in the structure of fish skin, bones, and scales, and its partially hydrolyzed form, gelatin,
are rich in hydrophobic amino acids, which appear to have a high free radical scavenging
capacity. Peptides derived from the gelatin of the skin of marine animals, such as flying
squid (Ommastrephes batramii) and tuna (Thunnus spp.), have demonstrated high antioxidant
activity, similar to that of the potent natural antioxidant α-tocopherol [2,131]. Collagen
has gained great interest in the cosmetic industry, in anti-ageing creams, and in nutritional
supplements for bone and cartilage regeneration, vascular and cardiac reconstruction, and
skin substitutes [132].

3.3. Polysaccharides

Several studies have reported that polysaccharides derived from marine organism’s
exhibit antioxidant activity, suggesting that these compounds could be used to mitigate
diseases mediated by oxidative stress, such as liver damage, diabetes, obesity, colitis, some
types of cancer, and neurodegenerative diseases [118].

Among the different polysaccharides that can be extracted from marine organisms,
chitin is the most exploited as it can be easily obtained from the exoskeletons of marine
arthropods, such as crustaceans, cuttlefish, and squid. Through chemical or enzymatic
processes of chitin, it is possible to obtain its derivative chitosan, which is of interest to the
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pharmaceutical industry due to its anticancer, antimicrobial, anticoagulant, immunological,
and antioxidant properties that enable it to act in the prevention of various diseases,
including neurodegenerative ones [133,145].

4. Intranasal Lipid Nanoparticles Containing Marine Bioactive Compounds for the
Management of Neurodegenerative Diseases

Marine organisms are considered a large reservoir of bioactive compounds with
high therapeutic value, and several studies have demonstrated the efficacy of marine
biomolecules with antioxidant properties in the prevention and treatment of different dis-
eases. Some of these biomolecules have been described as having neuroprotective effects,
and their use has been suggested for the prevention and treatment of neurodegenerative
diseases [121,146,147]. Among these compounds, carotenoids, such as astaxanthin, fu-
coxanthin, and β-carotene, have gained particular interest due to their high antioxidant
activity, which can prevent/delay the onset of oxidative stress-related diseases, such as
neurodegenerative diseases [122,148].

Astaxanthin has a protective effect on neuronal cells, being able to prevent and modu-
late the severity of neuronal death following oxidative stress-induced injury related to a
high level of ROS [121–123,149]. Furthermore, results from recent studies support the bene-
ficial effect of astaxanthin on the activation of antioxidant mechanisms, increasing the levels
or stimulating the activity of endogenous enzymes, such as SOD and CAT [122,124,150].
Recently, astaxanthin is receiving attention for its effect on the prevention or co-treatment of
Alzheimer’s and Parkinson’s diseases. The administration of astaxanthin as an adjunctive
therapy for Alzheimer’s dieses has demonstrated that the compound is able to attenuate
microglial activation and simultaneously decrease the release of pro-inflammatory cy-
tokines and reduce ROS levels. Similarly, the administration of astaxanthin as an adjuvant
therapy for Parkinson’s disease suggested that the biological activity of this compound
could neutralize the pathophysiological characteristics of the disease, revealing a promising
therapeutic potential in preventing or delaying the onset of symptoms in patients with
Parkinson’s disease [121,122,151].

Fucoxanthin and β-carotene have also been shown to have a protective effect on cells
against oxidative stress due to their antioxidant activity that attenuates pro-inflammatory
secretion by microglial cells and activates endogenous antioxidant enzyme mechanisms
capable of inhibiting free radical-induced DNA oxidation [7,121,127–129].

Human studies on the beneficial effects of carotenoids in the treatment and prevention
of neurodegenerative diseases showed that the use of an antioxidant supplement containing
astaxanthin and β-carotene reduced ROS production and Aβ accumulation in Alzheimer’s
disease patients, showing the potential of these compounds in the prevention and treatment
of the disease [129,152–154].

In addition to carotenoids, chitosan extracted from marine bio-waste, whose hydrolysis
results in the formation of chito-oligosaccharides (COS), has shown good neuroprotective
properties, with anti-neuroinflammatory and anti-apoptosis effects, suggesting the potential
of COS as protective agents against neurodegeneration [134–136,155].

4.1. Intranasal Administration

Despite the progress that has been made in investigations of the pathogenic mech-
anisms underlying neurodegenerative diseases, the development of effective molecules
and/or delivery systems that stop or slow their progression remains limited. One of the
main drawbacks associated with current treatments is the occurrence of adverse effects
since high doses usually have to be administered for the molecules to reach the brain in
therapeutically effective concentrations [156–158].

According to the Food and Drug Administration (FDA), more than 90% of new drugs
used to treat CNS diseases have not been approved due to the difficulty of molecules to
cross the BBB and reach the brain, especially hydrophilic, ionized, or high molecular weight
ones [14,157,159–162].
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For this reason, several studies have investigated alternative and effective strategies to
improve drug transport to the CNS by avoiding passage through the BBB, such as using the
intranasal route that allows direct passage from the nasal cavity to the brain [14,156,163,164].
In addition to this important benefit, this route has demonstrated other advantages, in-
cluding easy and non-invasive administration, avoidance of gastrointestinal and hepatic
metabolism, high drug bioavailability, large surface area available for drug absorption,
and rapid onset of action. However, several factors may limit the use of this route, such
as short residence time in the nasal cavity, the small volume available for administration,
and enzymatic degradation [14,156,165–167]. The main advantages and limitations of the
intranasal route are summarized in Table 2.

Table 2. Main advantages and limitations of the intranasal route.

Advantages Limitations

• Non-invasive and easy self-administration;
• Possibility of transporting drugs directly to the CNS, avoiding

the need to cross the BBB;
• Prevention of hepatic first-pass metabolism of drugs;
• Avoidance of degradation of drugs in the gastrointestinal tract;
• Fast drug absorption;
• High bioavailability of the drugs, providing the

administration of low doses.

• Small volume administration (<200 µL);
• Rapid elimination of drugs due to the mucociliary

clearance mechanism;
• Enzymatic degradation of drugs by P-glycoprotein,

carboxypeptidases or endopeptidases;
• Low permeability for drugs with high molecular

weight (>1 kDa);
• Interindividual variability.

BBB: blood–brain barrier; CNS: central nervous system.

4.1.1. Nose-to-Brain Transport

The mechanism of direct transport of compounds from the nose to the brain has been
extensively studied, although there is no consensus about the exact path taken by the
molecules upon intranasal administration (Figure 2). Several investigations have reported
that, after entering the nasal cavity (in the vestibule region), the molecules undergo the
mucociliary clearance mechanism. Subsequently, the molecules that are not eliminated in
this process move to the posterior part of the cavity, where they contact the respiratory and
olfactory regions. From here, they can be transported directly to the brain. Alternatively,
molecules can be absorbed through the nasal mucosa into the bloodstream, having to cross
the BBB to reach the brain [13–16,168].
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315



Pharmaceuticals 2023, 16, 311

The contribution of the indirect route to the transport of bioactive compounds or drugs
to the brain is poor, since most molecules show difficulty in bypassing the BBB, especially
hydrophilic and high molecular weight ones [16,157]. Thus, the direct route constitutes the
main transport pathway to the brain. In particular, transport through the olfactory region,
where the molecules pass through the olfactory nerves, has been described as the most
relevant. The passage of the compounds through this pathway can be divided into two
types of transport [13–16,170,171]: (i) intraneuronal, where olfactory neurons internalize
the molecules by endocytosis or pinocytosis, releasing them by exocytosis and distributing
them to the different brain regions; (ii) extraneuronal transport, where the molecules can
cross the olfactory mucosa through the supporting cells (transcellular transport) or along
the supporting cells (paracellular transport).

The passage of compounds through the trigeminal nerves (intracellularly or extra-
cellularly) also constitutes a direct transport route to the brain, since this nerve has three
different branches (mandibular, ophthalmic, and maxillary) that connect the nasal cavity
to the CNS. However, this route is less significant for the transport of compounds to the
brain [13,16,172].

4.1.2. Factors Affecting Intranasal Absorption

Following intranasal administration, to ensure that direct transport of the compounds
from the nose to the brain occurs, several factors must be considered, including the physic-
ochemical properties of the molecules, the physiological and anatomical characteristics of
the nasal cavity, and the particularities of the formulation [14].

Regarding the physicochemical properties of the molecules, factors such as molecular
weight, lipophilic/hydrophilic characteristics, degree of ionization, and ability to solubilize
in or penetrate mucus are important to determining the effectiveness of the nose-to-brain
transport. In particular, molecules with a molecular weight greater than 1 kDa have
difficulty in passing through the tight junctions between nasal cells, as opposed to molecules
with a molecular weight of less than 300 Da, which pass easily through the nasal mucosa
and are rapidly absorbed. The lipophilic/hydrophilic characteristics of the molecules,
in particular those with a molecular weight between 300 Da and 1 kDa, determines the
transport pathway these molecules follow, with lipophilic molecules passing through lipid-
layered cells (transcellular pathway), and hydrophilic molecules passing cells through tight
junctions (paracellular pathway) [13,16,171,173,174].

The physiological mechanism of mucociliary clearance of the nasal cavity is also one
of the factors responsible for the inefficient transport of compounds to the brain since it
can compromise the absorption of molecules in the nasal cavity [16,158,170]. Herein, the
physicochemical properties of the molecules are quite decisive, since lipophilic molecules
are less soluble in mucus, demonstrating a greater capacity for absorption in the nasal
mucosa [166]. In addition, enzymes in the nasal cavity (carboxypeptidases and endopepti-
dases) promote the degradation of molecules, in particular peptides and proteins [16,174],
while the expression of the efflux protein P-glycoprotein on the surface of ciliated nasal
epithelium cells restricts absorption of the compounds [16,175]. Thus, when developing
intranasal formulations, absorption promoters, enzyme inhibitors, and mucoadhesive
agents can be used to improve the absorption of the compounds and increase their resi-
dence time in the nasal mucosa. Another approach that can be used is to encapsulate the
compounds in lipid nanoparticles, which improves their absorption and protects them
from enzymatic degradation [13,14,176]. Furthermore, intranasal formulations must have
adequate viscosity and pH compatible with the nasal mucosa [6.4–6.8], avoiding irritation
and discomfort after administration. They should also be isotonic so as not to interfere with
normal cilia movement [16,177], composed of biocompatible and odorless excipients, and
the administered volume should not exceed 200 µL [14,178].

Of note, intranasal formulations should be included in specific devices that direct
them to the olfactory region of the nasal cavity, avoiding the losses that can occur after
administration [14,168,179]. Nasal pharmaceutical dosage forms are generally presented in
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the form of drops and sprays. Drops, although simpler, show limitations in quantifying
the amount of compound present in each drop, meaning that an excess can be easily
administered. Thus, nasal sprays are preferable to drops because they are safer and easier
to administer. However, the droplet diameter of the sprays should be greater than or
equal to 10 µm to avoid deposition in the lower respiratory tract (i.e., in the lungs and
bronchia) [16,180].

4.2. Using Lipid Nanoparticles for Nose-to-Brain Transport of Marine Bioactive Compounds

Several bioactive compounds and drugs proposed for the treatment of neurodegen-
erative diseases have limitations resulting from physicochemical instability and/or low
bioavailability related to brain targeting difficulties [6,7,181]. To overcome these limitations,
the use of lipid nanoparticles, namely SLN and NLC, have shown great efficiency in en-
capsulating and protecting these molecules, showing promising results in the treatment of
these diseases. There have been several reviews published that provide detailed knowl-
edge of the different characteristics and uses of lipid nanoparticle formulations. Interested
readers are advised to read these works. Briefly, SLN contains a solid lipid matrix formed
by a lipid, while NLC contain a solid lipid matrix formed by a solid and a liquid lipid,
which allows to incorporate a larger amount of molecules and provides greater stability
during storage when compared to SLN [13,14,17,170,182–188].

Although SLN and NLC share some advantages with other nanosystems, they have
been showing better outcomes that are attributed to their particular characteristics. For
example, they show superior biocompatibility than polymeric nanoparticles and inorganic
nanoparticles; and they are more effective for brain targeting due to their lipidic nature
that facilitates passage through the BBB. In addition, it has been reported that polymeric
nanoparticles have less ability than SLN and NLC to prolong drug release, as the burst
effect has been more frequently observed for the former. When compared to liposomes, the
manufacture of SLN and NLC is cheaper as they use less expensive lipids. The latter also
show greater long-term stability [12–17,185,189–192].

Several advantages have been described for the intranasal use of lipid nanoparticles,
such as [16,158,166]: improved permeation through nasal mucosa; increased adhesion to
the olfactory epithelium, avoiding mucocilliary clearance; protection of the encapsulated
molecules from enzymatic degradation and P-glycoprotein efflux; ability to target the
CNS, which increases the amount of compound reaching the brain, reducing the dose and
frequency of administration. However, it is important that lipid nanoparticles have sizes
below 200 nm and are composed of GRAS (generally recognized as safe) excipients in
non-toxic concentrations so as not to damage the nasal mucosa [16,193]. The lipids and
emulsifier(s) used must allow the formation of SLN or NLC with appropriate size, polydis-
persity index (PDI), and surface charge; high encapsulation ability and sustained release
profile of encapsulated compounds, which is essential to the success of treatments [191].
Furthermore, after developing nasal lipid nanoparticles formulations, it is essential to
assess their biocompatibility, first, in vitro, and then in vivo, to predict their clinical perfor-
mance [14,194,195].

Several studies on the intranasal administration of natural bioactive compounds,
obtained from different sources and encapsulated or on the surface of SLN and NLC,
have demonstrated relevant outcomes in the treatment of neurodegenerative diseases.
Specifically, for compounds obtained from marine bio-waste, only three studies were found
(astaxanthin-loaded SLN, and SLN and NLC coated with chitosan), which shows the
potential of this field. Table 3 summarizes the most relevant outcomes of these studies.
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Table 3. Examples of the most relevant results from studies with natural bioactive compounds,
encapsulated or on the surface of intranasal lipid nanoparticles (SLN or NLC), for the treatment of
neurodegenerative diseases.

Type of Lipid
Nanoparticle

Natural Bioactive
Compound Relevant Outcomes Reference

SLN Astaxanthin

• In vitro studies demonstrated the antioxidant potential of
astaxanthin-loaded SLN against H2O2 induced toxicity.

• In vivo biodistribution studies demonstrated a higher
accumulation of astaxanthin-loaded SLN in the brain after
intranasal administration (1.70 ± 0.13% injected
dose/gram organ), when compared to the intravenous
route (0.844 ± 0.12% injected dose/gram organ).

[141]

SLN

Dopamine combined with
antioxidant grape

seed-derived polyphenol
compounds (GSE)

• In vitro studies demonstrated that the
dopamine/GSE-loaded SLN formulations did not exert
toxicity on olfactory ensheathing cells (OECs) and on
neuroblastoma cells (SH-SY5Y).

• Co-administration of dopamine/GSE-SLN and the
oxidative stress-inducing neurotoxin 6-hydroxydopamine
(6-OHDA) (100 µM) clearly demonstrated that formulation
of dopamine/GSE-SLN determined an increase in cell
viability, compared to cells treated with 6-OHDA alone.

[196]

SLN coated with
chitosan Ferulic acid

• In vivo, the ferulic acid intake via the intranasal route was
found to be much more beneficial in upregulating the
biochemical parameters, in relation to the oral treatment.

• Intranasal ferulic acid/chitosan-loaded SLN showed
superior concentration of ferulic acid in the rat’s brain,
when compared to the uncoated ferulic acid-loaded SLN.

[197]

SLN in situ gel Paeonol

• In vitro studies with paenol-loaded SLN and an in situ gel
with paenol-loaded SLN showed a low level of toxicity in
RPMI 2650 cells.

• In vivo biodistribution studies showed an effective
accumulation of the in situ gel in the brain, after intranasal
administration.

[198]

SLN
Geraniol combined with

ursodeoxycholic acid
(GER/UDCA)

• In vivo studies demonstrated a selective uptake of
GER/UDCA to the cerebrospinal fluid, after nasal
administration of GER/UDCA-loaded SLN.

[199]

SLN and NLC Curcumin

• In vitro studies with curcumin-loaded SLN and NLC
showed no toxicity in mouse fetal fibroblast cells for
concentrations up to 10 µg/mL.

• In vivo studies showed that curcumin-loaded NLC were
able to promote the brain uptake of curcumin more than
4-fold, compared to curcumin-loaded SLN.

[200]

NLC Nicergoline

• In vivo, bioavailability and brain distribution studies of
nicergoline-loaded NLC showed a 4.57-fold increase of the
compound in the brain, compared to nicergoline solution.

• Results of in vivo studies indicated efficient direct
nose-to-brain transport, with brain-targeting efficiency
(BTE) and direct transport percentage (DTP) of 187.3% and
56.6%, respectively.

[201]

NLC coated with
chitosan Berberine

• In vivo studies showed that animals treated with
intranasal berberine/chitosan-loaded NLC had
substantially higher levels of the compound in the brain,
compared to animals treated with intranasal berberine
solution.

[202]
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Although NLC have been preferred over SLN due to their apparent superiority for
encapsulating compounds, the number of studies with these two types of nanoparticles
is similar (Table 3). For instance, Bhatt et al. encapsulated astaxanthin in SLN for in-
tranasal administration to improve brain targeting of the compound for the treatment of
neurodegenerative disorders. The optimized astaxanthin-loaded SLN had a particle size of
213.23 nm and a PDI of 0.367. In vivo biodistribution studies, where the astaxanthin-loaded
SLN were administered by the intravenous and intranasal routes, indicated that 1 h after
administration, a higher concentration of astaxanthin was achieved in the brain with the
intranasal formulation (1.70 ± 0.1312% injected dose/gram organ), compared to the intra-
venous (0.844± 0.12 injected dose/gram organ). These results demonstrated that intranasal
administration of astaxanthin-loaded SLN improved the brain uptake of astaxanthin com-
pared to intravenous administration, suggesting that direct nose-to-brain transport occurs.
Furthermore, in vitro studies in pheochromocytoma-12 cell line (PC12) demonstrated the
antioxidant potential of astaxanthin-loaded SLN against H2O2 induced toxicity. In con-
clusion, the results of these investigations support the use of astaxanthin-loaded SLN for
brain targeting, which allows protection against various neurodegenerative diseases [141].
In another study, Sun et al. developed an in situ gel with paeonol-loaded SLN for direct
nose-to-brain transport. Paenol is a phenolic compound with therapeutic potential in
different neurodegenerative diseases. The nanoparticles developed had a particle size of
166.79 ± 2.92 nm and a PDI of 0.241 ± 0.030. In vitro studies showed that in situ gel with
PAE-loaded SLN exerted low toxicity in RPMI 2650 cells. In vivo biodistribution studies
showed that the effective accumulation of the in situ gel in the brain area after intranasal
administration proved that it could effectively transport the paenol-loaded SLN to the
brain, suggesting its potential use in the treatment of neurodegenerative diseases [198].

Regarding Parkinson’s disease, Trapani et al. studied the effects of co-administration
of dopamine combined with antioxidant grape seed-derived polyphenol compounds (GSE)
encapsulated in SLN for intranasal administration as a novel approach in the treatment of
this disease. The developed dopamine/GSE-loaded SLN had a particle size of 184 ± 34 nm
and a PDI of 0.32 ± 0.07, and showed no toxicity in olfactory ensheathing cells (OECs)
and neuroblastoma (SH-SY5Y) cells. Furthermore, in vitro evaluation of the effects on cell
viability of incubating dopamine/GSE-loaded SLN and the oxidative stress-inducing neuro-
toxin 6-hydroxydopamine (6-OHDA) (100 µM) clearly demonstrated that DA/GSE-loaded
SLN increased cell viability compared to cells treated with 6-OHDA alone. Therefore, it
was concluded that dopamine/GSE-loaded SLN are promising for direct nose-to-brain
transport of the tested compounds in the treatment of Parkinson’s disease [196]. In an-
other study, Junior et al. combined the anti-inflammatory properties of geraniol (GER),
a natural compound known to promote the survival of dopaminergic neurons, with the
mitochondrial rescue effects of ursodeoxycholic acid (UDCA) to improve the treatment
of Parkinson’s patients. The nanoparticles developed GER/UDCA-loaded SLN had a
particle size of 121 ± 8.4 nm and a PDI of 0.164 ± 0.03. In vivo studies with intranasally
administered of these nanoparticles demonstrated selective uptake of GER/UDCA into
the cerebrospinal fluid, suggesting that direct nose-to-brain transport of the compounds
occurs. Furthermore, histopathological evaluation demonstrated that, in contrast to pure
GER, nasal administration of GER/UDCA-loaded SLN did not damage the structure of the
nasal mucosa. In conclusion, these studies indicate that co-encapsulation of GER/UDCA
in SLN may constitute an effective non-invasive approach to direct the compounds to the
brain in the treatment of Parkinson’s disease [199].

Concerning Alzheimer’s disease, Saini et al. developed ferulic acid-loaded SLN coated
with chitosan to improve the efficacy of this natural compound in the management of
Alzheimer’s disease. The optimized ferulic acid/chitosan-loaded SLN had a particle size of
184.9 nm. In vivo pharmacodynamic studies showed a marked improvement in cognition
after administration of ferulic acid/chitosan-loaded SLN compared to uncoated ferulic
acid-loaded SLN and pure ferulic acid solution. In addition, administration of ferulic acid
intranasally was found to be more beneficial in upregulating biochemical parameters over
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the oral route and resulted in higher brain concentrations of the compound compared to
uncoated ferulic acid-loaded SLN. Thus, surface coating the SLN with chitosan originated
remarkably higher brain levels of ferulic acid, probably owing to a prolonged retention time
of the formulation in the nasal cavity, which is due to the SLN positive charge provided by
the chitosan coating [197].

Malvajerd et al. encapsulated curcumin in SLN and NLC to increase the concentration
of compound in the brain due to its great therapeutic potential to manage CNS diseases. The
developed curcumin-loaded SLN and NLC had particle size and PDI of 204.76 ± 0.36 nm
and 0.194 ± 0.04 for curcumin-loaded SLN, and 117.36 ± 1.36 nm and 0.188 ± 0.020 for
curcumin-loaded NLC, respectively. The in vitro toxicity of the formulations on rat fetal
fibroblast cells was evaluated, and high cell viability was observed for concentrations
up to 10 µg/mL. Furthermore, in vivo studies showed that curcumin-loaded NLC were
able to increase brain uptake of the compound more than 4-fold compared to curcumin-
loaded SLN. In view of these results, it was concluded that the use of curcumin-loaded
NLC in the treatment of CNS diseases is promising [200]. In another study, Abourehab
et al. optimized nicergoline-loaded sesame oil-based NLC for intranasal administration to
achieve synergistic and enhanced neuroprotective properties, since nicergoline is described
to be used in the treatment of dementia and other cerebrovascular diseases and sesame oil
slows and reverses the cognitive symptoms of neurodegenerative diseases. The nicergoline-
loaded NLC had a particle size of 111.18 ± 6.33 nm and a PDI of 0.251 ± 0.04. In vivo
bioavailability and brain distribution studies showed a 4.57-fold increase of the compound
in the brain compared to a nicergoline-free solution, after intranasal administration of the
formulation to rats. The results of the in vivo experiments also showed effective brain
targeting efficiency (BTE) and direct transport percentage (DTP) of 187.3% and 56.6%,
respectively, indicating the efficacy of the nicergoline-loaded NLC for direct nose-to-brain
transport [201].

Recently, El-Enin et al. optimized berberine-loaded NLC coated with chitosan for
brain targeting via the intranasal route, as recent investigations have shown this natural
compound to be effective against Alzheimer’s disease, among other neurodegenerative dis-
eases. The developed berberin/chitosan-loaded NLC had a particle size of 180.9 ± 4.3 nm.
In vivo brain accumulation experiments showed that animals treated intranasally with
berberin/chitosan-loaded NLC had substantially higher levels of the compound in the
brain compared to those that were administered intranasally with a berberine solution.
According to these results, the researchers concluded that berberin/chitosan-loaded NLC
might be a successful approach to potentiate the effect of intranasal berberin in the treatment
of CNS diseases, such as Alzheimer’s [202].

5. Conclusions

The use of marine bio-waste with antioxidant properties promotes greater sustainabil-
ity and awareness of the importance of recovery and valorization of waste resulting from
the processing of marine organisms and, in particular, the concept of circular economy.

Intranasal administration of lipid nanoparticles, namely SLN and NLC, containing
natural bioactive compounds obtained from different sources has potential in the prevention
and treatment of neurodegenerative diseases, as these compounds can be transported
directly from the nose to the brain, without crossing the BBB. In particular, for bioactive
compounds obtained from marine bio-waste, few studies have been reported, showing
the open potential of this research area. More in-depth knowledge about the potential
neuroprotective effects of bioactive compounds from marine bio-waste is needed to enable
their future clinical use.

Clinical studies are needed to evaluate the efficacy of using bioactive compounds
loaded in SLN or NLC for intranasal administration. Although preclinical studies in
animals have already shown evidence of the occurrence of a direct transport of molecules
from the nose to the brain, the exact mechanism of this transport is not fully understood
and its efficacy in humans remains undefined. Further knowledge should be gained about
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the effects of these nanoparticles within the body, including the degradation/elimination
of excipients, release of molecules, and interactions with organs and tissues. It is also
important to highlight the fact that anatomical and physiological differences between
animals and humans can provide incomplete information that may lead to the failure of
clinical trials.

Noteworthy, although not excluding the need to perform in vivo studies, investiga-
tions conducted in 3D models of the human nasal cavity may provide a deeper understand-
ing of the factors that interfere with intranasal administration, such as, for example, the
type and angle of the administration device, and the inclusion of mucoadhesive excipients
in the formulations.

Despite the lacks identified, in the near future, the use of SLN and NLC via the nose-to-
brain route could play a pivotal role in improving treatments of neurodegenerative diseases.
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