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A B S T R A C T   

The renin-angiotensin system (RAS) is a hormonal cascade that contributes to several disorders: 
systemic hypertension, heart failure, kidney disease, and neurodegenerative disease. Activation of 
the RAS can promote inflammation and fibrosis. Drugs that target the RAS can be classified into 3 
categories, AT1 angiotensin receptor blockers (ARBs), angiotensin-converting enzyme (ACE) in-
hibitors, and renin inhibitors. The therapeutic efficacy of current RAS-inhibiting drugs is limited 
by poor penetration across the blood-brain barrier, low bioavailability, and to some extent, short 
half-lives. Nanoparticle-mediated drug delivery systems (DDSs) are possible emerging alterna-
tives to overcome such limitations. Nanoparticles are ideally 1–100 nm in size and are considered 
efficient DDSs mainly due to their unique characteristics, including water dispersity, prolonged 
half-life in blood circulation, smaller size, and biocompatibility. Nano-scale DDSs can reduce the 
drug dosage frequency and acute toxicity of drugs while enhancing therapeutic success. Different 
types of nanoparticles, such as chitosan, polymeric, and nanofibers, have been examined in RAS- 
related studies, especially in hypertension, cardiovascular disease, and COVID-19. In this review 
article, we summarize the physical and chemical characteristics of each nanoparticle to elaborate 
on their potential use in RAS-related nano-drug delivery research and clinical application.   

1. Introduction 

The Renin-Angiotensin System (RAS) is an enzymatic cascade first identified as a hormonal system of the kidney that regulates 
blood pressure [1]. It is now known to be a major endocrine system that regulates blood pressure, water, and electrolyte balance, 
mediating many other physiological and pathophysiological actions [2]. The classical RAS is activated by the release of renin from the 
juxtaglomerular cells of the kidney into circulation. Renin cleaves blood-borne angiotensinogen protein into angiotensin I (Ang I). 
Subsequently, Ang I is converted to Ang II by angiotensin-converting enzyme (ACE), which is found most abundantly in the lung tissues 
and vascular endothelium [3,4] (Fig. 1). The octapeptide Ang II is the most active hormone of the RAS, exerting its actions primarily on 
the AT1 Ang II type receptor (AT1R). The classical axis of the RAS, the ACE/Ang II/AT1R axis, activates homeostatic mechanisms to 
conserve and replenish fluid and sodium as well as restore normal blood pressure. However, it also activates several inflammatory 
pathways, the overactivation of which can contribute to hypernatremia, volume overload, and hypertension, with damage to the heart 
and kidneys. The counter-regulatory arm of the RAS, the ACE2/Ang (1–7)/Mas receptor axis, has anti-inflammatory and depressor 
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actions [5,6]. 
Notably, angiotensinogen, a nonfunctional glycosylated serpin globulin protein composed of 452 amino acids, is secreted 

constitutively into the bloodstream, mainly from the liver and adipose tissues [7]. The angiotensinogen gene is also expressed in all the 
tissues where a local RAS has been reported. Brain angiotensinogen is synthesized and secreted extracellularly by astrocytes [8]. 
Angiotensinogen synthesis is stimulated by glucocorticoids, thyroid hormones, estrogen, and Ang II [9]. The codependency of 
angiotensinogen and Ang II levels in the bloodstream arise when Ang II binds to and activates hepatic AT1 receptors. The AT1 receptor 
plays a pivotal role in the RAS, regulating the cardiovascular and most other RAS functions upon binding Ang II [10]. AT2R is a less 
characterized receptor of the RAS. It is also activated by Ang II, Ang III, Ang (1–7) at higher concentrations, and potentially by the 
variant Ang peptides Alatensin (Ala [11] Ang II) and almandine (Ala [11] Ang (1–7)) [12]. AT2R is considered the functional 
antagonist of the predominantly expressed AT1R [13]. Recent studies indicate that selective activation of the AT2R mediates 
anti-inflammatory and pro-natriuretic effects that are cardioprotective, renoprotective, and anti-hypertensive, improving insulin 
sensitivity and reversing adiposity [14–16]. The RAS can also operate locally in organs such as the brain, kidney, heart, liver, and 
gastrointestinal tract [17]. 

The RAS plays its most vital role in regulating blood pressure and cardiometabolic function, but it also contributes to obesity, aging, 
cancer, cognitive impairment, and neurodegeneration [18–20]. The RAS causes cardiac diseases such as heart failure, coronary artery 
disease with myocardial infarction, and cardiomyopathy, largely arising from its hypertensive effects [21]. The RAS also generates 
reactive oxygen species leading to oxidative stress, which, in the central nervous system (CNS), contributes to neurodegenerative 
diseases. Angiotensin-converting enzyme-2 (ACE2) is a portal to the entrance of the SARS-CoV-2 virus into cells, as well as being the 
portal for SARS-CoV-1 [22–25]. 

Drugs that target the RAS are classified into i) Renin inhibitors, e.g., aliskiren, ii) ACE inhibitors, e.g., captopril, iii) AT1 receptor 
(AT1R) antagonists, also known as AT1 angiotensin receptor blockers (ARBs), e.g., losartan. In addition, stimulation of aldosterone 
release is an integral component of the RAS such that it is sometimes referred to as the renin-angiotensin-aldosterone system (RAAS). 
Hence, one could add a 4th group as RAAS blockers: iv) Aldosterone (mineralocorticoid) receptor antagonists, e.g., spironolactone. 
There is also a dual inhibitor drug that blocks both the AT1R and neprilysin, the enzyme that metabolizes atrial natriuretic peptide and 

Fig. 1. The schematic diagram of the classical RAS (ACE/AngII/ATIR axis and the counterregulatory ACE2/Ang1-7/Mas axis arm). The figure 
represents only the AT1 receptor-rich organs. 
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Ang II (valsartan and sacubitril combination, Entresto®) [26]. The therapeutic success of drugs that target the RAS is limited by the 
relative lack of ability to cross the blood-brain barrier (BBB), poor bioavailability, and relatively short half-life of some of these drugs 
[27,28]. Nanoscale-drug delivery systems (DDSs) appear to provide solutions for limitations of currently available RAS inhibitor 
therapies: facilitating BBB passage, augmenting bioavailability, and extending the duration of action (Table 1). Having a high surface 
area to volume ratio with better penetration and accumulation capacity in target tissues, nanoscale-DDSs can reduce drug dosing 
frequency and adverse side effects caused by peak drug levels [11]. Advanced multifunctional nanoparticles (NP) offer great potential 
to markedly improve the delivery of loaded drug molecules to target cells/tissues. Nanoscale-DDSs and gene delivery systems 
consistently provide higher efficacy in many therapeutic applications, including RAS-related diseases [29,30]. The most common NPs 
used in RAS-related research have been developed using synthetic polymers, natural polymers (chitosan), and nanofiber NPs [11,31, 
32]. Thus, this review systematically discusses the nanotechnological therapeutic approaches for RAS-related diseases. 

2. Nanoparticles 

Nanoparticles (NPs) are ideally 1–100 nm in size, with an outer layer of organic and inorganic coatings that determine their 
physical and chemical properties. Numerous studies currently in progress leverage the potential benefit of NPs for improved drug 
delivery, although only a few have been adapted for clinical use. The NPs are preferred for drug delivery due to their unique char-
acteristics, including biocompatibility, water dispersibility, biodegradability, and smaller size [40]. NPs display drastically different 
characteristics than their bulk materials due to size reduction down to the atomic level [41]. Bulk materials display relatively constant 
properties, whereas NPs display variable characteristics due to surface atom enhancement arising from the size reduction [42]. Even 
though NP approaches are widespread for the experimental delivery of anticancer drugs for oncology studies [40,43], they have had 
limited use in the experimental administration of drugs for the treatment of RAS-related diseases. Hypertension is the RAS disease that 
is the greatest focus of NP research [32,44]. Thus, this section discusses several different types of NPs that have been used to administer 
RAS-inhibiting drugs. 

2.1. Polymeric nanoparticles 

Polymeric NPs are classified into two major categories; natural and synthetic. For example, natural NPs can be made from car-
bohydrate polymers, such as chitosan and cellulose-based polymers, or from proteinaceous materials, such as albumin and gelatin, 
whereas various types of synthetic polymers or copolymers are used to form synthetic NP matrices [45]. Natural polymeric NPs are 
mostly biodegradable and biocompatible. However, batch-to-batch inconsistency has limited their widespread usage. Synthetic 
polymeric NPs may be preferred drug delivery due to their superior tunability, which can generate more consistent chemical com-
positions [46]. 

2.1.1. Natural polymeric nanoparticles 

2.1.1.1. Polysaccharide-based NPs (chitosan). Polysaccharides are versatile nanomaterials with the potential for diverse biomedical 

Table 1 
Comparison between different RAS drug categories in clinical use, their actions, limitations, and possible nanoparticle approaches for their distri-
bution limitations.  

RAS Drug Category Drugs Actions Limitations Nanoparticle approach Ref. 

Direct Renin Inhibitors Aliskiren Inhibit the initial rate-limiting Step of 
the RAS that converts 
Angiotensinogen to Angiotensin I by 
Renin enzyme. 

Poor bioavailability 
Weak antihypertensive 
effect 
Short half-life 

Possibly will enhance the 
bioavailability and half-life to 
improve the antihypertensive 
effect 

[33–35] 

ACE Inhibitors (ACEI) Captopril 
Enalapril 
Fosinopril 
Ramipril 
others 

Inhibit the catalysis of Angiotensin I to 
Angiotensin II 
Lowers high blood pressure to provide 
the cardiovascular protection 

Treatment-related 
adverse side effects such 
as dry cough and 
angioedema 

Deliver lower dose of the drugs 
to the targeted location by using 
nanoparticles would help to 
reduce the side effects. 

[33,36] 

AT1 angiotensin 
receptor blockers 
(ARBs) 

Losartan 
Candesartan 
Valsartan 
Eprosartan 
Telmisartan 
Olmesartan 
Irbesartan 
Azilsartan 

ARBs block the AT1 receptors 
reducing the effect of Angiotensin II 
on Blood pressure (BP) 

ARBs cause fewer side 
effects than ACEI. 
Poor BBB penetrability 
(Except telmisartan and 
candesartan) 

Possibly enhance the BBB 
penetration by loading the ARBs 
on NPs 

[28,37] 

Mineralocorticoid 
receptor 
antagonists 
(MRAs) 

Spiranolactone 
Finerenone 
Eplerenone 
Mexrenone 
Canrenone 

Decrease the sodium reabsorption to 
enhance the water excretion by the 
kidney. Eventually lowers the BP and 
fluid around the heart to provide 
cardiovascular protection. 

Adverse side effects such 
as increased urination. 

Possibly deliver the drug in a 
lower dosage to minimize the 
side effects while acquiring high 
treatment efficacy. 

[38,39]  
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applications [47]. Among these, chitosan has been one of the most extensively studied natural polymers for drug delivery for the last 
three decades. Chitosan is a natural polymer derived from the partial deacetylation of chitin. It is a cationic polysaccharide biopolymer 
composed of glucosamine and N-acetylglucosamine copolymers [48]. The common precursors for chitosan NPs are crustacean shells 
such as lobster, shrimp, or crab [49]. Lysozyme enzymes hydrolyze chitosan into nontoxic, non-immunogenic, non-carcinogenic amine 
sugar products readily absorbed and metabolized by humans [50]. More focused reviews on chitosan-based biomaterials and chitosan 
NPs are found elsewhere [51,52]. Interestingly, the chitosan NP particle size can be less than 70 nm (Fig. 2), displaying a high 
surface-to-volume ratio. Chitosan has been widely used for the development of advanced nano-DDSs [53–56]. Drug encapsulation 
efficacy increases with the decrease in molecular weight of the chitosan [57]. One drawback of such chitosan NPs is that the rate of 
degradation increases with decreases in molecular weight [58]. Chitosan NPs have been used to treat RAS-related hypertension and 
COVID-19. Chitosan NPs have been used as carriers for ACE2 as well as RAS blockers e.g., for the delivery of valsartan, captopril, and 
non-RAS antihypertensives, e.g. amlodipine [11,59]. 

2.1.1.2. Protein-based nanoparticles. Protein-based or proteinaceous materials are considered to be attractive candidate materials for 
nanoscale drug and gene delivery systems [60,61]. Some of the proteins used to make these NPs, such as albumin and gelatin, are listed 
as ‘generally recognized as safe (GRAS) materials, facilitating their applicability as DDSs. Proteins have diverse functional groups for 
further chemical modifications with amphiphilic properties for self-assembly [62]. Of note, albumin-based NPs have continued to draw 
increasing attention since the FDA approval of Abraxane®, the first-ever albumin-bound drug (paclitaxel) as an NP DDS to enter the 
market. The involvement of such protein-based NPs in RAS-inhibiting drugs has yet to be developed; hence this can be a novel 
nanomaterial that can be used to develop novel RAS-inhibiting DDSs. 

2.1.2. Synthetic polymeric nanoparticles 
Synthetic polymeric NPs are colloidal particles composed of synthetic polymers or copolymers that are either biodegradable such as 

poly (lactide-co-glycolide) (PLGA), poly (amino acid)-based polymers, poly (e-caprolactone), polyanhydrides, polyorthoesters, and 
polyphosphazene, or non-biodegradable, such as vinyl or acrylic polymers/copolymers and polyethylene glycols (PEG) with appro-
priate molecular weights, from which the drugs can diffuse out [63–70]. The characteristic properties of synthetic polymeric NPs, such 
as lipophilicity, biocompatibility, and surface charge, can be easily tuned during synthesis [46]. Synthetic polymeric NPs are potential 
candidates for diagnostics and drug delivery due to advances in controlled drug release, theranostic potential, protection of drug 
molecule cargos, specific targeting moieties, and facilitation of a high therapeutic index [71,72]. The endocytic process drives the 
cellular uptake of polymeric NPs [73]. As with classical mechanisms, the controlled release kinetics from synthetic polymeric NPs is 
accomplished by a structural modification to promote drug diffusion out of the polymer matrix [74]. For hydrophobic polymers such as 
polyanhydrides and polyorthoesters, drug release is mainly modulated by the rate of surface erosion of the matrix, whereas for 
PLGA-based polymers, drug release is affected by bulk erosion and formation of water channels within the matrix [75,76]. However, 
contemporary researchers focus on exogenous and endogenous stimuli that trigger drug release mechanisms that are selective for 
microenvironments of specific diseases [77]. The major drawback of synthetic polymeric NPs is their larger size, normally >100 nm. 
By controlling co-monomers or block compositions (relative lengths of the hydrophilic and hydrophobic segment within a polymer 
chain), synthetic polymeric NPs can be made nontoxic by surface modifications such as coating their surfaces with polyethylene glycol 
(PEG)-phospholipid copolymers. Polylactide-co-glycolide (PLGA) polymers have also been used as carriers for selected antihyper-
tensive small peptides and model drugs that treat RAS-related diseases, especially hypertension and COVID-19 3,4. 

2.2. Metallic nanoparticles 

Metallic NPs are synthesized from any metal or metal oxide, and the most commonly used metals are silver, gold, iron, and 
platinum [78]. Metallic NPs display remarkable physicochemical characteristics that differ from their bulk materials. The most ad-
vantageous metallic NP properties are wavelength-dependent photoluminescence, localized surface plasmon resonance, high water 
dispersity, and smaller size [79]. Metallic NPs are widely used for electronic chip manufacturing. Furthermore, they can function as 
enzymatic biosensors for biomedical applications [80]. The major limitation of metallic NPs is toxicity at high concentrations. There is 
a tendency for metallic NPs to alter their structure, becoming chemically modified toxins that can accumulate in tissues [81]. This 
limits the use of metallic NPs in biomedical nano-DDS in-vivo. 

Fig. 2. 3-dimensional AFM image of the chitosan NPs. The figure was reprinted from Ref. [11] with the permission of the publisher.  
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2.2.1. Gold nanoparticles (AuNPs) 
Colloidal AuNP use dates back to Faraday’s studies in the 18th century [82]. AuNPs are the most widely used NP for biomedical 

applications. AuNPs are the nano-type that enables many unprecedented applications. Bulk gold is an inert yellow solid, whereas 
AuNPs form a wine-red color colloidal solution with antioxidant properties [83]. The size of AuNPs ranges from 1 to 100 nm. They can 
be found in many shapes, such as spherical, octahedral, decahedral, tetrahedral, nano-triangles, and nano-prisms [84]. AuNPs are 
commonly used in biotechnology, biomedicine, and radiation medicine due to their ability to conjugate probes and small molecules 
with low toxicity relative to other metal-based NPs. Cells take up colloidal AuNPs via specific receptor-ligand interactions or 
non-receptor-specific diffusion transporters [82]. AuNPs are stored inside cells in perinuclear vesicular compartments upon cellular 
uptake. However, a disadvantage is that AuNP exposure is cytotoxic for extended periods [85]. AuNPs have been used in RAS research 
as highly sensitive and selective plasmonic bio-sensors for ACE detection at concentrations as low as 0.4 mU/mL [86]. 

2.2.2. Silver nanoparticles (AgNPs) 
Silver is a noble metal that has undisputed advantages, such as electrical conductivity and resistance to oxidation, featuring 

plasmonic and antibacterial properties [87]. Ag has been used as an antimicrobial agent for centuries; the Phoenicians used Ag vessels 
to store water and wine during their long voyages [88]. Also, ancient Egyptians used Ag compounds to prevent wound infections [89]. 
AgNPs are colloidal particles that feature interesting properties such as plasma waves, enabling surface plasmon resonance, interaction 
with an electromagnetic field, high diffusivity of the surface atoms, and melting at extremely low temperatures [90,91]. AgNPs 
generally range from 1 to 100 nm in diameter. AgNPs have broad applications, such as their antimicrobial properties, which make 
them popular in clothing manufacturing, food preservation, water purification, and biomedical fields. Smaller-sized AgNPs enable BBB 
penetration [92]. Thus, for brain delivery of RAS-blocking drugs, AgNPs not only facilitate their entry into the brain but also have 
potential antioxidant properties that reduce brain oxidative stress [30]. 

2.3. Nanofibers (NFs) 

Nanofibers are made from carbon and/or semiconductor materials and most polymers [93]. NFs are applied in many fields, 
including material science, tissue engineering, chemical industry, and energy storage, due to their remarkable properties, such as high 
surface area, high mechanical stability, and good electrical conductivity. Thermal phase separation, electrospinning, vapor deposition, 
and self-assembly are some of the chemical, mechanical and synthetic methodologies for the formation of NFs [94]. Electrospinning is 
the most popular methodology; it exhibited promising results in tissue engineering. Electrospinning controls the thickness and 
composition of the NFs along with porosity [95]. In the electrospinning process, NFs with a diameter of 50–1000 nm can be produced 
by applying an electrical potential to the polymer solution [96]. When the electrical potential is applied, mutual charge repulsion of the 
polymer solution occurs, leading to a force opposite to the surface tension. Upon increasing the electrical potential, the opposite force 
overcomes the surface tension at a critical point, producing a jet-like ejection of NFs. The ejected charged jet-like particles form 
randomly oriented nanofibers that can be collected on a rotating or stationary grounded metallic collector [97]. Electrospinning can 
also use natural polymers such as collagen and chitosan for NF production. Carbon NFs can be prepared from the chemical vapor 
deposition method [98]. NFs have the potential for controlled nano-drug delivery to improve the therapeutic efficacy of the drugs. As 
noted below, NFs carrying RAS-interacting drugs have been developed, displaying promising outcomes [31]. 

3. Nanoparticle approaches for the treatment of RAS-related diseases 

3.1. Hypertension 

Hypertension is a global health crisis that leads to complications such as vascular damage, heart failure, stroke, and kidney failure, 
causing premature death and disability. Hypertension causes 7.6 million deaths per year worldwide [99,100]. The recommended 
systolic and diastolic blood pressures (BP) for healthy adults are 120/80 mmHg [101,102]. When the systolic and diastolic BPs are 
≥140/90 mmHg, it is considered to be hypertension [100]. If hypertension is left untreated for a long period of time, it can lead to the 
impairments mentioned above. Currently, numerous antihypertensive therapeutics are in clinical practice. They can be classified into 
four main classes; 1) RAS inhibitors (Renin inhibitors, ARBs and ACEIs), 2) β-blockers (BBs), 3) calcium channel blockers (CCBs), and 
4) diuretics [103,104]. ACEI, and renin inhibitors block steps in the metabolic cascade of the RAS, while BBs inhibit stimulation of 
renin release from the kidney, and ARBs block the AT1R that mediates the pressor actions of Ang II. CCBs reduce the influx of Ca2+ into 
cardiac myocytes, pacemaker cells, and vascular smooth muscle cells to reduce cardiac output and vascular resistance, while diuretics 
regulate the fluids by promoting the excretion of water and electrolytes [105,106]. Many antihypertensive drugs, such as valsartan, 
have relatively low oral bioavailability, while others have short half-lives [107,108]. Advanced drug delivery systems, such as 
NP-mediated delivery systems, can overcome these limitations, thereby increasing therapeutic efficacy. 

In 2015, Antal et al., introduced aliskiren-loaded magnetic polymeric NPs for hypertension treatment [32]. Aliskiren is a direct 
renin inhibitor that binds to the active site of the renin, thereby decreasing the production of Ang I. However, a limiting factor of 
aliskiren in terms of therapeutic action is its low bioavailability [109]. They formulated aliskiren-loaded magnetic poly (D, L) lactide 
(PLA) NPs to study their effect on systolic blood pressure of male spontaneously hypertensive rats (SHR) [32]. The magnetic Fe3O4 NPs 
were synthesized by the coprecipitation of the Fe2+ and Fe3+ in an alkaline medium. They were coated with sodium oleate to create a 
stable water-based magnetic fluid. The magnetic NPs and aliskiren were entrapped into the PLA polymeric NPs. Scanning electron 
microscopy (SEM) demonstrated a spherical shape of the NPs, whereas dynamic light scattering (DLS), differential centrifugal 
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sedimentation (DCS), and NP tracking analysis (NTA) determined that the particle diameters ranged between 58 and 227 nm. Loading 
of aliskiren was 6.3% weight/weight (w/w) drug content with 75% drug entrapment. In vivo systolic blood pressure (SBP) was 
measured in a 12-week-old male SHR. The free aliskiren (25 mg/kg per day) treated SHR group displayed a reduced SBP from ~195 
mmHg to 179 ± 1.8 mmHg compared to the non-drug treated control group. The aliskiren-loaded PLA-NPs (25 mg/kg/day) reduced 
SBP even lower (154 ± 3.9 mmHg) (Fig. 3). Thus, the authors claim nano-encapsulation may protect aliskiren from degradation while 
enhancing its bioavailability. However, a limitation of the study is the lack of cytotoxicity analysis of the PLA-NPs. 

In 2016, Yang and co-workers [110] synthesized poly-(lactic-co-glycolic) acid NPs (PLGA) for the delivery of an antihypertensive 
small peptide VP5, a 5 amino acid chain (VLPVP), that has similarities to small proline-containing tripeptides reported to lower blood 
pressure in humans through ACE inhibition [111]. Yang and co-workers prepared the VP5 loaded PLGA NPs by the double emulsion 
solvent evaporation method [110]. The inner aqueous phase was prepared by dissolving the VP5 in deionized water, and the organic 
phase containing PLGA was emulsified with the inner aqueous phase to form the primary emulsion. Subsequently, the primary 
emulsion was added to a polyvinyl alcohol solution to prepare the double emulsion. The formed NPs were purified by ultracentri-
fugation. The obtained VP5-NPs were non-charged with a 223.7 ± 2.3 nm particle size with a narrow distribution of 0.12 ± 0.001 
(mean ± SD) (Fig. 4a). The VP5 entrapment efficacy (EE%) and the drug loading capacity (DL%) were 87.37 ± 0.92% and 2.1 ± 0.17, 
respectively. TEM images confirmed the spherical shape of the particles (Fig. 4d). In vivo analyses were conducted with SHRs. Various 
dosages of free VP5 (0.4, 0.8, 1.6 mg/kg) and VP5-NP (0.8 mg/kg) were administered orally. Surprisingly, the 0.8 mg/kg dose of 
VP5-NPs reduced SBP significantly more than all doses of free VP5 over all time periods ranging from 2 to 72 h. The likely reasons 
behind this are 1) controlled release of VP5 by the NP system, and 2) NP-encapsulated VP5 was protected from enzymatic degradation, 
leading to enhanced bioavailability of the VP5. Thus, the authors claim their VP5-NP system will be a potential therapy for the 
administration of peptide drugs for hypertension. However, the authors have not reported the extent of ACE inhibition or the cyto-
toxicity profiles of the free NPs in vitro or in vivo. 

In 2016, Niaz et al., introduced chitosan NPs to deliver the ACE inhibitor captopril, the calcium channel blocker amlodipine, or the 
angiotensin receptor blocker (ARB) valsartan as treatment for hypertension [11]. The drug-loaded chitosan NPs were formulated by 
the sonication-assisted ionic gelation method. Chitosan solution was prepared by dissolving 0.3% (w/v) chitosan in 1% (v/v) acetic 
acid solution. Separately, 1% tripolyphosphate (TPP) solutions with each drug solution were prepared. A 50 mg quantity of the drug 
was dissolved in 2 mL of TPP solution, which was then added to 25 mL of chitosan solution. The mixture was stirred at room tem-
perature for 30 min followed by ultrasonication (25 kHz) for 30 min. The drug-loaded chitosan-NPs were obtained using centrifu-
gation. The EE % of captopril, amlodipine and valsartan in chitosan NPs were 92 ± 1.6, 87 ± 0.5, and 91 ± 0.9%, respectively. The 
high EE reportedly depended on the hydrophobicity of the cross-linking of the –COOH groups of the drugs with the -NH2 groups of the 
chitosan NP. SEM images confirmed the drug-free chitosan NPs were smooth in shape and spherical. The captopril-loaded NPs are 
larger than the drug-free chitosan NPs, remaining in the spherical shape and nanometer scale with a homogeneous distribution. The 
amlodipine-loaded chitosan NPs was described as also being regular smooth particles. The valsartan-loaded NPs were irregular in 
shape, rough, and aggregated. The temperature sensitivity of the valsartan leads to a susceptibility to temperature-induced dryness and 
structural alterations of the NPs, ultimately leading to their degradation. In vitro drug release profiles of the captopril-loaded chito-
san-NPs promisingly demonstrated higher retention of the drugs with slow release from the chitosan NP system. The drug release 
kinetics were higher at 37 ◦C compared to 4 ◦C. However, the authors reported only the captopril drug release profiles. Drug release 
kinetics data for amlodipine and valsartan were not presented. However, chitosan NP-captopril systems could enhance captopril’s 
bioavailability, absorption, and retention time, leading to reduced drug dosage and frequency of dosing with fewer side effects. In vivo 
assessments with toxicity screens will determine if these chitosan NP-captopril systems can live up to their potential for superior 
delivery of this antihypertensive drug. 

Fig. 3. Systolic blood pressure measurements of the SHR for the non-treated control group, free aliskiren, free PLA-NP, and aliskiren-PLA-NP treated 
group [32]. Reprinted from Ref. [32] with the permission of the publisher. 
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Fig. 4. The characteristics of the VP5-NPs a) Particle size, b) Potential distribution, c) The appearance under room light and the Tyndall effect, and 
d) the TEM image [110]. The figure was reprinted from Yu et al., 2016 [110] with the permission of the publisher. 

Fig. 5. The SEM images with the corresponding histograms below the image of the (a) free PLA NP and (b) Aliskiren loaded PLA-NP. The figure was 
reprinted from Ref. [118] with permission of the publisher. 
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3.2. Cardiovascular diseases 

Cardiovascular diseases (CVDs) are still the foremost contributor to global mortality and morbidity. The world health organization 
(WHO) reported that CVDs are expected to be responsible for 22.2 million deaths annually by 2030 [112]. Heart attacks and strokes 
represent 7.3 and 6.2 million deaths annually [113–115]. CVDs lead to many complex disorders that affect normal heart function and 
blood flow, with the most serious clinical manifestation of CVD being a myocardial infarction. General risk factors involved in CVDs are 
hypertension, rheumatic heart disease, ischemic heart disease (angina), cerebrovascular disease (stroke), and inflammatory 
myocarditis [115]. The peptidergic enzymatic cascade of the RAS and its AT1 receptor homeostatically controls cardiovascular 
physiology but also plays a key role in cardiovascular pathogenesis and heart failure. Overactivation of the RAS causes adverse 
outcomes of fibrosis, intense vasoconstriction, and cardiac remodeling, necessitating effective pharmacological antagonism of the RAS. 
One of the cornerstones of clinical therapy for heart failure is ARBs [116]. Even though the current ARBs display a strong binding 
affinity for AT1 receptors, their limited tissue distribution precludes access to all AT1Rs mediating various disease states. Besides the 
ARBs, the bioactive peptide fragment of Ang II, Ang 1–7, acting as a counter-regulatory RAS ligand, contributes to cardioprotection 
[117]. However, the extremely short half-life, unfavorable pharmacokinetics, and non-target-specific delivery limit the efficacy of free 
bioactive peptides. Thus, the use of NP technology to improve peptidic RAS drug bioavailability and efficacy promises to provide better 
control of the pathophysiology of the RAS. 

In 2019, Pechanova et al. loaded the renin inhibitor aliskiren onto polylactic acid (PLA) polymeric NPs to study its effects on blood 
pressure, nitric oxide synthase activity in the heart, vasoactivity of the mesenteric artery and collagen accumulation in the heart of the 
SHR [118]. PLA NPs were prepared by the nanoprecipitation method. The SEM images determined the average particle size of the free 
PLA NPs, and the aliskiren-loaded PLA NP to be 130 and 279 nm, respectively (Fig. 5 a-b). The free PLA NP zeta potential was − 17 mV, 
while the drug-loaded PLA NP was − 24 mV, suggesting that a portion of the drug is on the surface of the NP. The DLS hydrodynamic 
size confirmed that the aliskiren-loaded PLA NP was stable over 16 weeks, while temperature stability measurements verified the 
absence of thermal aggregation of the aliskiren-loaded PLA NP over an extended time. The external sink method drug release profiles 
demonstrated 85% and 95% cumulative aliskiren release by 24 h at pH 7.4 and 2.0, respectively. However, the drug release profile 
determined that the drug release took place in two phases; the first phase, representing ~95% of the aliskiren released from the PLA NP 
occurred within 75 min reflecting aliskiren trapped on the surface of the NP, whereas the second phase represented the release of the 
drugs trapped in the PLA NP matrix. Free aliskiren, administered by oral gavage (25 mg/kg/day) for 3 weeks, lowered BP by 10%, 
whereas the same dose of aliskiren in the PLA-NPs lowered BP by 25%. Vasoactivity studies of mesenteric arteries displayed that the 
magnitude of the phenylephrine-induced (10− 6 mol/L) precontraction force in arteries from PLA-NP-Aliskiren treated SHR was 
significantly smaller (3.44 ± 0.1 mN/mm2) than in the non-drug treated control group (4.93 ± 0.12 mN/mm2) and the free aliskiren 
treated group (4.86 ± 0.09 mN/mm2). The authors suggested that the PLA-NP-loaded aliskiren significantly increased its potency, 

Fig. 6. Confocal imaging of AT1R (red) and TDCNfs (green) inOGD rat cardiac myocytes. NBDAng1-7, NBDSAA1-7 showed no binding to the OGD 
myocytes, while TDCNfs colocalized with the OGD myocytes (yellow). The three single channel images are shown as smaller images to the right of 
the colocalization images. Scale bar 25 μM. The figure was reprinted from Ref. [31] upon the permission of the publisher. 
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which could decrease the likelihood of adverse side effects. The study provides an example of the superiority of NP-mediated 
RAS-inhibiting drug delivery. However, a limitation of this study is the lack of detail on the synthesis, purification steps, and 
toxicity of this NP preparation. 

In 2021, Wen et al. introduced a supramolecular nanofiber to co-deliver the therapeutic heptapeptide angiotensin (1–7; DRVYIHP) 
and the ARB telmisartan to counter-regulate the RAS through combined therapy [31]. The supramolecular nanofiber was constructed 
with a customized fluorophore (NBD)-conjugated peptide NBD-DFDFDYDEDEG-DRVYIHP (SAA1-7). Supramolecular 
nano-fiber-telmisartan doped co-assembled nanofibers (TDCNfs) were prepared through a series of solvent exchange steps followed by 
heating incubation, gelation, centrifugation, and lyophilization. TDCNfs were characterized by circular dichroism, Fourier transforms 

Fig. 7. A) First two steps represents the shematic diagram of the synthesis of the monoclonal anti-tau aggregate antibody conjugated gold nano-
particles wherease the last step represents the color change of the anti-tau aggregate antibody conjugated gold nanoparticles when they bind to the 
tau protein aggregate. B) TEM image of the anti-tau antibody conjugated gold nanoparticles C) TEM image of the anti-tau antibody conjugated gold 
nanoparticle after the binding with tau protein. Figure was reprinted from Ref. [136] under the persmison of the publisher. 
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infrared (FTIR), and fluorescence spectroscopy. The TEM images indicated a uniform nanofiber diameter of 7.6 ± 1.8 nm. The stability 
measurement indicated that the colloidal solution of the TDCNfs in PBS (pH 7.4) was stable for one month without precipitation or 
agglomeration. Cell viability measurements were carried out with primary neonatal rat cardiomyocytes (NRCMs) and neonatal rat 
cardio fibroblasts (NRCfs). Surprisingly, the cell viability was increased with increasing TDCNf concentration (0.01–10 μM), indicating 
that the TDCNfs had a pro-survival effect. However, cell viability decreased at 100 μM, suggesting that the pro-survival effect of 
TDCNfs occurs at a limited concentration range, with higher concentrations being cytotoxic. Using surface plasmon resonance im-
aging, the reported KD values for the binding affinity of the TDCNfs, SAA1-7, and Ang-1-7 to recombinant human MasR (rhMasR) were 
16.5, 12.6, and 10.3 nM, respectively. The corresponding binding Response Units (RU) to Ang 1–7, SAA1-7, and TDCNfs were 65.1, 
62.3, and 58.2, respectively, indicating similar affinities at the rhMasR. The co-localization of the TDCNfs in the cells was analyzed by 
confocal microscopy. The primary neonatal rat cardiomyocytes (NRCMs) expressed high levels of AT1R under 
oxygen/glucose-deprived (OGD) conditions displayed in red fluorescence (Fig. 6). TDCNfs displayed a high binding affinity for the 
AT1Rs, with co-localization observed in the plasma membrane region under OGD conditions of the NRCMs, whereas the Ang1-7 and 
SAA1-7 had scant co-localization with the AT1Rs. Thus, overall, TDCNfs have a strong affinity towards AT1R compared to the 
reference peptides, most likely facilitated by telmisartan binding to AT1R (Fig. 6). The study validated that TDCNfs bind AT1R making 
them a promising approach for future RAS-related research. 

4. Rationale for brain delivery of RAS blockers 

The brain RAS includes the peptides angiotensin (Ang) I, Ang II, Ang III, Ang IV, Ang I-7, and Ang 3–7. The ligands interact with 
RAS receptors AT1, AT2, AT4, and Mas, localized within the brain. The AT1 and AT2 receptor types are well characterized, while the 
AT4 and Mas receptors are less well-defined. The ability of ARBs to protect cognitive function by inhibiting the neurotoxic effects of 
AT1R stimulation is of considerable interest as a prophylactic treatment for dementia [119]. Conversely, the AT4R has been suggested 
to have a neuroprotective role in the brain [120]. AT4R is found largely in the neocortex, hippocampus, amygdala, and nucleus basalis 
of Meynert [121,122]. The conversion of Ang II to Ang III and IV reportedly facilitates dopamine release in the striatum and ACh 
release in the hippocampus [123,124]. Defects in both dopaminergic and cholinergic signaling are associated with neurodegenerative 
diseases, leading to suggestions that drugs mimicking Ang IV may have a neuroprotective role in mitigating these diseases. Even 
though the synthetically made Ang IV peptide analogs displayed high cognitive-enhancing effects in several animal models of de-
mentia, their use in clinical therapeutic practice has been limited due to their rapid degradation with short half-lives and poor BBB 
penetration due to their hydrophilicity. Thus, nano-drug delivery techniques that can transport RAS-related drugs have the potential to 
treat brain diseases. 

4.1. Alzheimer’s disease 

Alzheimer’s disease (AD) is an irreversible neurodegenerative disease leading to intellectual deterioration, with loss of memory and 
language ability. The primary pathological hallmarks of AD are amyloid-beta (Aβ) deposition, intraneuronal accumulation of 
neurofibrillary tangles (NFT) formed by hyperphosphorylated tau protein aggregates, degeneration of cholinergic neurons in the basal 
forebrain, along with the neurotoxic accumulation of reactive oxygen species (ROS) [125–128]. However, the ACE gene has recently 
been identified as a risk factor for AD [129]. The ACE gain of function coding variant ACE1 R1279Q has recently been associated with 
the occurrence of AD, leading to experimental studies of mice with the ACE1 R1279Q knocking displaying hippocampal neuro-
degeneration and inflammation, with female mice having greater hippocampal neurodegeneration than males [130]. Recent studies in 
mice [131,132] suggest that one of the mechanisms for the beneficial effects of ARB losartan could be through the activation of the AT4 
receptor. In past years, RAS inhibition therapy has been identified as a means to delay the progression of cognitive decline in AD, 
extending beyond the antihypertensive effects of RAS inhibitors [133–135]. Thus, the RAS may play a key role in AD pathogenesis. 

Nanoparticle approaches are of considerable interest for AD treatment, though they have not yet been applied to RAS-related AD 
research studies [128]. The most well-studied NPs in AD research are metallic and polymeric. They have been used for diagnostic 
purposes: for instance, in 2009, Neely et al. developed an AuNP-based NP two-photon Rayleigh scattering (TPRS) assay to analyze the 
tau protein concentration in the AD brain by introducing the AuNP as a colorimetric sensor [136]. Anti-tau antibody (tau-mab) 
conjugated AuNPs were used to detect the tau concentration through an antibody-antigen interaction. Antibody-conjugated AuNPs 
were aggregated in the tau NFT-rich regions and bound to multiple tau-mab antigen binding sites. The reddish color tau-mab con-
jugated AuNPs turned blue upon binding the antibody with the NFT antigen (Fig. 7). The results indicated that the 
antibody-conjugated AuNP was able to detect as little as 1 pg/mL of NFT aggregate in the AD brain. In another study in 2012, Brambilla 
et al. introduced a treatment using long-circulating PEG corona of poly (alkyl cyanoacrylate) (PACA) and poly (lactic acid) NPs 
(without any antibody) to decrease Aβ aggregates [137]. The authors claimed that the PLA and PACA NPs in the PEG corona enhanced 
the interaction with monomeric Aβ1-42. The particle size of the NPs was 110 nm, and the BBB penetration was facilitated by the 
adsorption of Apo-E protein from rat serum onto the NP surface. The Apo-E adsorption onto NPs also increases the affinity of the NPs 
for Aβ aggregates, which facilitates a complement activation elimination of the Aβ1-42 aggregates. However, as mentioned above, even 
though NPs have been used to eliminate Aβ and tau, NPs containing RAS inhibitors and related drugs for preventing AD pathology 
represent a promising but untested approach for AD mitigation. 
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4.2. Parkinson’s disease 

Parkinson’s disease (PD), the second-most prevalent neurodegenerative disease, is a chronic, progressive neurological disease that 
causes tremors, stiffness, akinesia and slow or hesitant speech. In 1992, Allen et al. first proposed the potential association between 
brain RAS activity and PD [138]. They analyzed the postmortem PD brains, describing a reduction of Ang II receptor binding in the 
substantia nigra and striatum in the brain. PD occurs due to the loss of dopaminergic (DA) neurons in the substantia nigra pars 
compacta. The striatum is the primary projection of the substantia nigra dopaminergic neurons, the loss of which leads to inadequate 
stimulation of stratal dopaminergic D1 and D2 receptors [139]. Regulatory interaction between the brain RAS and dopaminergic 
neurons in the striatum has been established in recent studies. PD patients treated with the ACE inhibitor perindopril have improved 
motor responses to the DA precursor, 3,4-dihydroxy-L-Phenylalanine (L-DOPA) [140]. Moreover, ACE also metabolizes bradykinin 
which can promote inflammation, an important contributing factor in PD. Additionally, high Ang II levels exacerbate dopaminergic 
cell death by overstimulating the AT1R, possibly leading to synergistic PD pathogenesis and progression [141,142]. Even though the 
NP-encapsulated RAS inhibitors have not been studied in PD, it has been shown that the liposomal antioxidant NPs positively affect PD 
[143]. 

In 2010, Zeevalk et al. reported that a reduced glutathione liposome conjugate (liposomal-GSH) replenished intracellular GSH after 
its depletion, potentially providing neuroprotection in PD [144]. The depletion of GSH and the optimum time for repletion were 
determined using cultured neurons from rat mesencephalon. To simulate PD, cells were exposed to the environmental toxins paraquat 
and maneb to deplete their dopamine. Reduced levels of GSH in the substantia nirgra are reported to be a contributing factor to the loss 
of midbrain dopamine neurons in PD [145]. The liposomal-GSH treatment sustained dose-dependent dopaminergic cell viability with 
an EC50 = 10.5 ± 1.08 μM. 

4.3. COVID-19 

The novel SARS-CoV-2 coronavirus enters the body by binding to plasma membrane-bound angiotensin-converting enzyme 2 
(ACE2) of the renin-angiotensin system. This zinc metalloprotease (carboxypeptidase) provides the receptor binding pocket for SARS- 
COV-1 and 2 in its extracellular domain. Upon binding of SARS-CoV-2 to ACE-2, a fusion of the spike protein of the virus with the cell 
membrane occurs in concert with the host cell serine protease TMPRSS2 [146]. It has recently been shown that the SARS-CoV-2 variant 
spike proteins might have additional receptors, especially for the intra and extrapulmonary immune and non-immune cells that lack 
the ACE2 receptors, such as C-lectin (CLR), toll-like (TLR), neuropilin-1 (NRP1), and the non-immune receptor glucose-regulated 
protein 78 (GRP78) [147]. Age-associated conditions such as hypertension, diabetes, and non-alcoholic fatty liver, lung, and kid-
ney diseases are comorbidities that are associated with increased COVID-19 severity. These comorbidities may predispose COVID-19 
patients to “inflammaging” enhancing age-related systemic inflammation while weakening the adaptive immune response to 
COVID-19 infection [148–150]. Thus, enhancing the RAS pathway leading to increased AT1R activation can exacerbate COVID-19 
infection. Initially, during the COVID-19 pandemic, it was debated whether ACE inhibitors or ARBs could be used as SARS-COV-2 
medications [151–154]. It was suspected that the ACEIs/ARBs might increase ACE2 expression, which could enhance SARS-COV-2 
infectivity. However, the adverse effects of increased Ang II activation of the AT1R were considered to lead to worse outcomes 
than what might transpire from increased ACE2 expression [155]. Moreover, an imbalance of ACE-1 and ACE-2 and dysregulation in 
the RAS pathway were found in COVID-19 pathobiology studies [156]. The antiviral drugs initially used for primary therapy of 
COVID-19 fever, and pneumonia included oseltamivir phosphate (OP), a drug whose delivery can be enhanced using NP technology. 
The rate of oseltamivir binding to plasma protein is very low, with no drug interaction due to metabolism by the cytochrome P450 
system or glucuronidase [157]. Thus, a recent study has shown the benefits of delivering oseltamivir through NPs mediation for 
COVID-19 treatments. 

In 2021, Ucar et al. conducted a study on an oseltamivir phosphate (OP)-loaded biocompatible, a biodegradable polymeric nano- 
drug delivery system that has been developed [157]. OP was loaded onto PLGA NPs which are conjugated to spike-binding peptide 
SBP1 of SARS-COV-2. SBP1 is a first-class specific peptide linker for SARS-COV-2-RBD. The OP-loaded-PLGA NPs were synthesized by 
the solvent evaporation method, and the particle size of the bare OP-PLGA and targeted peptide SBP1 conjugated OP-PLGA were 162 
± 11.0 and 226.9 ± 21.4 nm, respectively. The drug entrapment efficacy was 61.4%, and the OP-PLGA and OP-PLGA-SBPI zeta po-
tential was − 23.9 ± 1.21 and − 4.59 ± 0.728 nm, respectively. The high negativity of the OP-PLGA NPs indicated the high stability of 
the NPs, and the reduction of the negativity after binding the SBP1 peptide demonstrates successful conjugation of the amino group of 
the peptide onto the PLGA surface –COOH group. The FEG-SEM and FTIR conducted the morphological characterization of the NPs. In 
vitro stability of the OP-PLGA NPs was analyzed by storing the NPs in a sealed container at 5 ± 3 ◦C. The particle size and the 
polydisperse index (PDI) were measured over a month, and the results indicated there was no considerable change in the parameters, 
confirming the stability of the NPs over a month. In vitro OP release from the NP system was examined at pH 7.4 at 37 ◦C. The results 
indicated that there was no initial burst release occurred, and fast release was displayed during the first 30 days and reached the 
plateau at about 72 days. The OP-released rates of the OP-PLGA and OP-PLGA-SBPI NPs were 53.7% and 50.4%, respectively. The 
authors further reported that the SBP1 peptide conjugation on NPs is reported for the first time, which would be beneficial for 
administering newer antiviral drugs. However, the study would be more informative if the authors considered conducting Covid-19 
infected in vitro cell lines of in vivo animal studies to compare the OP-PLGA and OP-PLGA-SBPI drug delivery models. In view of 
the current use of two antiviral agents (nirmatrelvir and ritonavir) in Paxlovid as well as the antiviral Molnupiravir to treat COVID-19 
is of interest to determine if their distribution efficacy and duration of action could be enhanced using a similar PLGA-SBPI NP 
technology. 
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5. Conclusion and viewpoints 

The RAS is an enzymatic cascade and signaling system that was first identified in 1898. While the RAS functions to maintain fluid 
and electrolyte homeostasis, it is also directly or indirectly involved in a number of diseases, including hypertension, cardiovascular 
disease, COVID-19, and AD. During the past century, pathobiological researchers have discovered several root causes for each disease, 
facilitating disease mitigation through diagnosis and pharmacotherapy. The primary limitations of the current RAS therapeutics are 
poor BBB penetration and, for some agents, low bioavailability. NP approaches for RAS drug delivery have been studied during the last 
two decades to overcome those limitations. NPs being developed for RAS-inhibiting drugs are synthetic polymeric NPs such as PLGA, 
PACA, and PEG. Natural polymeric NP chitosan has also been studied to deliver RAS inhibitors. All the NP studies discussed in this 
manuscript demonstrate a higher therapeutic efficacy of nano-drug delivery systems compared to free-drug delivery. However, NP 
research on RAS-inhibitor drugs is still preliminary, requiring many improvements before NPs can be used in pre-clinical and clinical 
studies. The current drawback of the NP studies discussed in this manuscript is the lack of information about the purification steps in 
the NP synthesis process and toxicity studies to prove that the NPs are nontoxic. Moreover, most RAS-related nano-drug delivery 
studies were limited to wet-lab scale experiments. It is necessary to conduct studies in vitro in cell lines or in vivo animal studies to test 
the therapeutic efficacy of nano-drug delivery systems. As discussed, the recent study by Wen et al., 2021 documented in vitro cell line 
efficacy of the Ang 1–7 nanofiber moiety as a potential therapy for cardiovascular disease, having a particle size of 7.6 ± 1.8 nm [31]. 
This study stands out over all other RAS-related NP studies due to the smaller particle size, high AT1R binding affinity of the 
telmisartan-containing NPs, and efficient cellular uptake. Thus, we also suggest NPs such as carbon dots (particle size <10 nm) and 
PEG-capped extruded smaller-size niosomes (particle size <20 nm) for the development of NP RAS inhibitor therapies. Smaller 
particle-size NPs protect the cell membrane and BBB from severe damage [128]. In addition, we introduce a novel research pathway 
for the application of NPs for the delivery of RAS-inhibiting drugs to the brain to treat AD and other neurodegenerative diseases. The 
ability of ARBs to enhance cognitive function shows great promise for treating and preventing AD. 
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[30] A. Krawczyńska, K. Dziendzikowska, J. Gromadzka-Ostrowska, A. Lankoff, A.P. Herman, M. Oczkowski, T. Królikowski, J. Wilczak, M. Wojewódzka, 
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