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Abstract

:

Current research indicates that the next silent epidemic will be linked to chronic liver diseases, specifically non-alcoholic fatty liver disease (NAFLD), which was renamed as metabolic-associated fatty liver disease (MAFLD) in 2020. Globally, MAFLD mortality is on the rise. The etiology of MAFLD is multifactorial and still incompletely understood, but includes the accumulation of intrahepatic lipids, alterations in energy metabolism, insulin resistance, and inflammatory processes. The available MAFLD treatment, therefore, relies on improving the patient’s lifestyle and multidisciplinary pharmacotherapeutic options, whereas the option of surgery is useless without managing the comorbidities of the MAFLD. Nanotechnology is an emerging approach addressing MAFLD, where nanoformulations are suggested to improve the safety and physicochemical properties of conventional drugs/herbal medicines, physical, chemical, and physiological stability, and liver-targeting properties. A wide variety of liver nanosystems were constructed and delivered to the liver, only those that addressed the MAFLD were discussed in this review in terms of the nanocarrier classes, particle size, shape, zeta potential and offered dissolution rate(s), the suitable preparation method(s), excipients (with synergistic effects), and the suitable drug/compound for loading. The advantages and challenges of each nanocarrier and the focus on potential promising perspectives in the production of MAFLD nanomedicine were also highlighted.






Keywords:


non-alcoholic fatty liver disease (NAFLD); metabolic fatty liver disease (MAFLD); insulin resistance; obesity; nanoformulations; nanotechnology; nanocarrier; nanosystem












1. From NAFLD to MAFLD—What Is Going on?


Non-alcoholic fatty liver disease (NAFLD) is defined by the presence of excessive fat in the liver, which is identified either by imaging or liver biopsy. It is the term used to describe various histologic anomalies, ranging from benign steatosis to non-alcoholic steatohepatitis, in people who consume little to no alcohol. NAFLD has a substantial potential to progress to cirrhosis, hepatocellular carcinoma, end-stage liver disease, liver-related death, and recurrence after transplantation [1]. In 2013, scientists released an alarm about the future of liver diseases in which NAFLD is turning to become an epidemic [2]. Given the drastic and growing prevalence of NAFLDs, which affect more than one-quarter of the world’s population [3,4], the severe hepatic and extra-hepatic sequelae, and the inadequacy of treatment options, thus, re-naming and re-defining the disease are welcome [5]. The term “fatty liver” was first described in 1836, while the name “NAFLD” was first used in 1980 and for 40 years until 2020 when it was re-evaluated for a more precise nomenclature indicating the existence of metabolic dysfunction, rather than the absence of other conditions, such as alcohol intake, as a safe limit of alcohol consumption could not be set [6]. As a result, the well-known NAFLD nomenclature was replaced by metabolic-associated fatty liver disease (MAFLD) [7,8,9], to open the door to the development and implementation of a set of “positive” criteria for defining the condition rather than depending on a “non” or “negative” definition [5].



MAFLD is expected to overburden the annual economy dependent on Medicare recipients with an increase of USD 188 billion in corporate costs alone. Approximately the same costs are split into four European countries, including Germany, France, Italy, and the United Kingdom, with the highest costs for patients aged between 45 and 65 [10], with no apparent gender preference as some research is suggesting that MAFLD is more common in females [11,12,13,14,15] while others were also highlighting that it is more common in males [16,17,18,19,20], this conflict could be due to the limited data about MAFLD in females rather than males, as will be noticed in the illustrated in vivo models later in this article. Interestingly, MAFLD impacts children’s health in an asymptomatic profile that is incidentally diagnosed at a mean age of 11–13 years [21,22,23]. Overall, MAFLD mortality is escalating [24] with an estimated rise between 65% and 100% from 2019 to 2030 in the Asia-Pacific region alone [25], as well as the US, China, and France, which is combined with an alarming MAFLD predicted prevalence escalation to occur in Germany, Italy and the UK by 2030 [26].



Clinically, MAFLD is considered to be the hepatic manifestation of multiple metabolic syndromes, which is present when three or more of the following conditions are met, including obesity, elevated glucose, blood pressure, triglyceride, as well as high-density lipoprotein cholesterol [27]. To recapitulate MAFLD pathogenesis’s complexity, “multiple hit theory” was recently established, where multiple synergistically acting factors are involved in the disease incidence and progression. These factors include genetic predisposition, dietary factors, altered gut microbiota and insulin-resistance-induced alteration in production and secretion of adipokines, mitochondrial dysfunction, and endoplasmic reticulum stress. These factors contribute to the development of steatosis and steatohepatitis and reflect different disease patterns among MAFLD patients [28].




2. Available MAFLD Treatments and Their Efficacy


MAFLD’s etiology is multifactorial and still incompletely understood, but involves accumulation of intrahepatic lipids, alterations of energy metabolism, insulin resistance, and inflammatory processes [29]. Consequently, the available MAFLD therapy relies on changing the patient’s lifestyle and multidisciplinary pharmacotherapeutic options.



2.1. Non-Pharmacological Approach


In the absence of approved single pharmacological therapies for MAFLD, the current European Association for the Study of the Liver, European Association for the Study of Diabetes, and European Association for the Study of Obesity Clinical Practice Guidelines for the management of MAFLD recommend lifestyle modification as the strategy of choice for prevention and improvement [30]. Diet calorie reduction is the first therapeutic technique in MAFLD; the diet should minimize both saturated fat intake to <7% of the total calories and trans-fat intake, and maintain dietary cholesterol intake at <200 mg/day, and total fat at 25% to 35% of the total calories in order to achieve moderate weight loss (7 to 10%) [31]. In addition, increased exercise, such as 150 to 200 min/week of moderate-intensity aerobic physical activity is reported to enhance liver histology, insulin resistance, and life quality. Therefore, this should form the basis of any treatment strategy [30,32,33]. This approach may be challenging to maintain over the long-term, even with the implementation of cognitive-behavioral therapy; thus, the pharmacological intervention will be the other choice in such cases.




2.2. Pharmacological Approach


2.2.1. Anti-Obesity Drugs


The addition of pharmacotherapy resulted in more significant weight loss and weight loss maintenance than lifestyle modifications alone. Currently, there are nine pharmacological interventions approved by the US Food and Drug Administration (USFDA) that can be used for weight loss, including phentermine, diethylpropion, benzphetamine, phendimetrazine, orlistat, phentermine/topiramate extended release, lorcaserin, bupropion/naltrexone, and liraglutide [34]. In MAFLD, anti-obesity medications did not directly affect the liver independent of the effect on weight loss. For now, orlistat and sibutramine are mainly the available options for the long-term prescription. However, there are still insufficient safety data regarding the long-term outcomes of anti-obesity therapy [35]. The choice to initiate obesity drug therapy should be controlled, first by avoiding contraindications and drug–drug interactions, and second, by choosing a therapy with a mechanism of action that targets the patient’s dietary behavior; close monitoring is vital for assessing efficacy, tolerability, and switching to an alternative option if needed [36].




2.2.2. Hypoglycemic Agents


Since MAFLD and type 2 diabetes mellitus share pathophysiological characteristics, such as insulin resistance, hypoglycemic agents have used mainly metformin and thiazolidinedione [37]. In the case of metformin administration (0.5 to 3 g/day), a meta-analysis reported its use to be essential for improving liver function and body composition in non-diabetic MAFLD patients [38,39]. However, some increase in insulin sensitivity disappears after three months of metformin use in MAFLD patients [40,41], with no assessed direct impact of metformin on the MAFLD activity score [42]; side effects include gastrointestinal tract (GIT) discomfort and general weakness with records of interactions when used with various medications. Although the use of thiazolidinediones in MAFLD is reported at a much lower dose (4 to 45 mg/day) compared to metformin and is a promising choice in the treatment of MAFLD manifestations due to its beneficial impact on insulin resistance and hepatocyte fatty acid metabolism, the side effects (lower extremity edema, and weight gain) and the need for long-term use establish a disadvantage [43,44]. Scientists recommend further investigations on the use of recent hypoglycemic agents, including glucagon-like peptide 1 receptor agonists, dipeptidyl peptidase 4 inhibitors, and sodium/glucose co-transporter 2 inhibitors and their impact on MAFLD—in particular, the oral versus parenteral route of administration profile in humans [37,45,46].




2.2.3. Lipid-Lowering Agents


Statins, fibrates, and omega-3 polyunsaturated fatty acids are commonly used to manage dyslipidemia. Due to their potential antioxidant properties and favorable effect on adiponectin levels, they are suggested to benefit MAFLD patients [47]. Statins function as anti-MAFLD by controlling metabolic risk factors with dose-related hepatotoxicity [48]; higher lipophilic statins show a greater hepatic excretion rate, while lower lipophilic statins exhibit more pronounced active renal excretion [49,50]. Food intake affects the bioavailability of statins, as most of them have low bioavailability, except for Pitavastatin (>80%), while several meta-analyses of major statins have consistently recorded modestly increased risk of incident diabetes (9–13%) in MAFLD patients [48,51,52,53]. In addition, as per a pilot study, other options such as fibrates are considered safe and improve metabolic syndrome, glucose, and liver tests; although their effects on liver histology are minimal [54], fibrates are suggested to be useful for the prevention and management of MAFLD [55]. Other lipid-lowering agents, such as ezetimibe, are reported to attenuate hepatic steatosis and may benefit MAFLD biochemical markers (i.e., fatty acids). The majority of the results in such regard are from animal studies, which not are always compatible with human physiology, as authors point out [56]. Indeed, the study on humans suggested the possibility of the animal results heterogenicity, where later ezetimibe was reported to improved hepatic fibrosis in 80 patients’ results, but increased hepatic long-chain fatty acids [57].




2.2.4. Cytoprotective and Antioxidant Agents


Inflammation and oxidative stress are believed to play a role in the pathogenesis of MAFLD, where anti-inflammatory and potent antioxidants own a crucial role in anti-MAFLD therapy, such as bile acids (ursodeoxycholic acid) [58,59]. In such regard, phytochemicals and micronutrients are also used, including flavonoids [60], polyphenols [61], carotenoids [62], and phenolic compounds [63], as well as vitamin E [64], and silymarin [65]. They act as attractive therapeutic agents for short-term treatment until the full profile of safety and effectiveness is further explored with their impact specifically in diabetic and non-diabetic MAFLD cases [46,66].





2.3. Surgical Intervention


With a causal link established between MAFLD and obesity-related metabolic syndrome, bariatric surgery interventions promote weight loss and would be expected to improve MAFLD; the surgery is a debated option for MAFLD treatment where, despite it having the potential for inducing excellent weight loss and possibly improving the symptoms of metabolic syndrome, type 2 diabetes mellites, and potentially reversing the pathological liver changes in MAFLD patients [34,67], it could also, reportedly, be a secondary outcome of the bariatric surgery [68], while other patients developed new or worsened features of MAFLD, including the development de novo, worsening of fibrosis, MAFLD activity score, MAFLD histology, and change in liver volume [69]. Performing this costly surgery might add a few years to the patient’s life, but it does not reduce the overall healthcare costs in the long-term [70]. On the other hand, liver transplantation cures cirrhosis but does not treat MAFLD’s underlying metabolic disease. Thus, strategies to control comorbidities in patients with MAFLD before transplant are needed to decrease waitlist mortality, and the recurrence of MAFLD after liver transplant [71].





3. Nanomedicine Alternatives for MAFLD Smart Drug Delivery


Other currently emerging approaches to MAFLD therapy include developing new targeting drugs that are already under phase 2 and phase 3 trials [72], or improving the safety and physicochemical properties of conventional drugs and herbal medicines, as well as physical, chemical, and physiological stability, along with liver-targeting properties using a wide range of nanoformulation techniques [73], as illustrated in Figure 1. The United States National Nanotechnology Initiative described nanotechnology as science, engineering, and nanoscale technology, approximately 1 to 100 nanometers (nm) [74], however, several formulations were reported under the nanosystem umbrella for the merit of providing a particle size scale below 1000 nm.



Compared to the research size conducted on MAFLD alone, a minimal number of nanoformulations directly address this disease by evaluating the designed nanosystems on the in vitro, ex vivo and in vivo models. Searching the PubMed database alone showed around 122,877 articles covering “nano” topics, out of which only 31 were in the MAFLD field, which started to trend in 2018. Using the searching keyword Nano-MAFLD or Nano-NAFLD yielded the same article number, while searching NAFLD or MAFLD alone yielded 25,471 and 83 studies, respectively (October 2020), as illustrated in Figure 2.




4. Opportunities and Limitations of Nanosystems for MAFLD Therapy


4.1. Nanoparticles


4.1.1. Polymeric Nanoparticles


Polymer nanoparticles (P-NPs) are the most widely used nanocarriers in the pharmaceutical sector to develop controlled, sustained and burst drug delivery systems with release profiles directly related to the constructed polymeric shell. P-NPs can be either nanospheres or nanocapsules, with particle size (PS) ranging from 1 to 1000 nm and two fundamental preparation techniques, including “top-down” and “bottom-up” methods [75,76,77]. They can be used to mask the taste and to protect drug/compounds from environmental and gastric degradation, offering enhanced bioavailability, increased stability of any volatile materials with non-immunogenicity, and a low to nontoxicity nature [78,79]. Challenges of this nanosystem design are merely summed up by the proper selection of the polymer [80]. Within the P-NP design for MAFLD therapy, polymer use is mainly limited to chitosan, and poly lactic-glycolic acid (PLGA) (Figure 3), with promising results of chitosan alone as an excipient owning synergetic anti-MAFLD effects. Other polymers with anti-MAFLD therapy that are not used in P-NP formulation to address the disease include accase-catalyzed catechin polymers [81], pyrrole-based polymers [82], Hericium Erinaceus exo-polymers [83], beta-cyclodextrin [84,85], and colestipol [86].



These polymers were reported to have a lowering influence of cholesterol, low-density lipoproteins (LDL)-cholesterol fraction, hyperlipidemia, cholesterol and lipid levels, respectively. Additionally, there is a need to investigate glucose-lowering polymer synergetic effects, such as cellulose, which positively impacts diabetes mellitus type 2 [87,88,89], and inulin, which was reported to reduced serum insulin levels but simultaneously increased body weight in diabetic rats [90]. Thus, preliminary studies are recommended when exploring glucose-polymers as excipients for nanoparticles, such as dextrans, icodextrin, and amylose, to ensure that there are no short-term or long-term consequences on MAFLD patients, including the blood glucose levels [91,92,93,94].



Chitosan is a golden approach for MAFLD polymeric drug delivery, which is not fully explored yet. It is highly available as a natural cationic aminopolysaccharide polymer of marine origin, prepared from crustaceans’ shells, and classified as generally recognized as safe (GRAS) by USFDA [95]; thus, it owns ideal biological properties. It also exhibits hepato-protective effect [96], regulatory impact of carbohydrates and lipid metabolism, ameliorating insulin resistance, and decreasing the prevalence of MAFLD [97,98], along with the decrease in aspartate aminotransferase (AST) and alanine aminotransferase (ALT) serum levels in the in vivo studies [99]. In addition, it owns a lipid-lowering capacity, through promoting weight loss, lowering LDL, and boosting high-density lipoprotein (HDL), with a suggested mechanism linked to the polymer’s positive charge, which attracts the negatively charged fatty acids and bile acids binding them to the indigestible chitosan fiber [100]. Interestingly, this unique polymer can deliver genes and target the liver [101,102,103], which nominates it to be the polymer of choice for smart anti-MAFLD nanomedicine delivery.



In MAFLD patients, a decline in nicotinamide adenine dinucleotide (NAD1) biosynthesis is observed; thus, a high dose of nicotinamide (NAD1 precursor) with a dose of the relatively unstable antioxidant, ascorbic acid, was usually administrated. Accordingly, chitosan nanoparticles were prepared by the ionotropic gelation technique to overcome the drawbacks of high dose intake and instability challenges. On the in vivo level (using male albino rats), these NPs showed an insulin-resistant status amelioration, and reduction in ALT, AST, as well as liver tissue total cholesterol, triglycerides, and 8-hydroxy-2-deoxyguanosine (8-OHdG) levels [104]. The NPs also decreased oxidative and nitrosative stresses along with a significant increase in the hepatocellular energy upon the oral intake of only 10 and 20 mg/kg of loaded nicotinamide and ascorbic acid in NPs in comparison to their conventional forms oral dose of 100 mg/kg. Both chitosan nanoparticles were suggested to be cytocompatible, with encapsulation efficiency (EE%) of 75% and 85.5%, respectively, PS less than 200 nm and a positive zeta potential (ZP) (22.5 to 29.8 mV). Authors further suggest that the positive charge of these NPs, and the use of chitosan, would offer superior stability and a controlled-release manner, respectively, of the loaded materials.



Poly lactic-glycolic acid (PLGA) is another polymer known to be a biodegradable, highly biocompatible polymer from the family of USFDA-approved polymers, with the ability to deliver active ingredients, proteins, and macromolecules [105], and promote their transportation across biological barriers. Mostly it is used for the intravenous route of administration (IV) with an accelerating potential for oral drug delivery during the last decade [106]. To the best of our knowledge, there is no study about the synergetic impact of PLGA alone on one or more of MAFLD manifestations.



In a first-time report, PLGA-based curcumin NPs were evaluated clinically in a double-blind, randomized, placebo-controlled study on 84 overweight/obese MAFLD patients. Curcumin is considered a folk medicine in MAFLD therapy primarily because of its antioxidant and anti-inflammatory properties. Treating patients between the age of 25 and 50 with supplementation of curcumin PLGA-NPs at 40 mg capsules/day after meals for three months leads to improved glucose, lipids, inflammation, and nesfatin, hepatic transaminases, and fatty liver degree indices [107,108]. These curcumin PLGA-NPs were initially patented turmeric-based colloidal dispersion technology named THERACURMIN, with a limited pharmaceutical characterization of PS 0.19 µm and stability of 28 days in comparison to 1 h for pure curcumin powder. The THERACURMIN was found to have the ability to raise the plasma concentration of curcumin by 39.8 to 81.7 times at 1–2 h after oral administration, compared with pure curcumin powder, yielding a higher bioavailability of curcumin by 40 folds [109]. Further trials of curcumin loaded in other nanocarriers as anti-MAFLD prospective remedies are encouraged to provide a better clinical and pharmacological understanding through expanding the studied variables, mainly ethnicity, age, group number and the preparation recipe with full characterization and evaluation.



Another phytomedicine, resveratrol, from the polyphenol group, has been identified as a potential new pharmacological approach in the treatment of MAFLD [110]; however, its low solubility, could govern its effects that may be improved through encapsulating it with freeze-dried PLGA-NPs by the evaporation method. This has also improved its stability (up to 6 months under 4 °C) and bioactivity. The resulting resveratrol PLGA-NPs had PS of 176.1 nm with Đ of 0.152 and ZP of −22.6 mV, while the EE% and loading percentage were 97.25% and 14.9%, respectively. The NPs offered a sustained release profile of the resveratrol with a much lower release in the acidic medium than the alkaline one. Resveratrol PLGA-NPs was more effective in alleviating lipogenesis, promoting lipolysis, and reducing hepatocellular proliferation compared to the free resveratrol when studied on the fat-emulsion-treated human hepatic cells (HepG2), which were incubated with oleic acid for 24 h to induce steatosis and build a closer cell culture model of MAFLD [111]. In this work, authors recommended further in vivo studies on such NPs to correlate in vitro and in vivo results.



On the nano-molecular level, a novel polymer, lactosylated poly(2-(dimethylamino) ethyl methacrylate, was used to construct NPs and load it with “miR-146b mimic”, which plays a vital role in the regulation of metabolic gene expression and MAFLD therapy through its ability to modulate hepatic lipid homeostasis. The resultant NPs had PS, Đ, and a positive ZP of 150 to 350 nm, 1.21, and 10.3 mV, respectively. The loaded formulation was cytocompatible and efficiently capable of directly targeting the hepatocyte and has been taken up by HepG2 and mouse hepatocyte cell lines (AML12). In addition, these NPs showed the ability to significantly suppress the formation of lipid droplets on the in vivo level, offering a specific liver delivery, with a significant inhibition to the lipid accumulation when injected via female C57BL/6 mice tail vein in a single dose of 1 mg/kg [112].




4.1.2. Metal-Oxide-Based Nanoparticles


The metallic NPs (M-NPs) consist of a metallic core with a standard PS of 10–200 nm. They can comprise pure metallic substances (e.g., gold, silver, copper, platinum, and palladium) or metallic oxides (e.g., zinc oxide, titanium dioxide, cerium oxide, iron oxide), while their comparatively small PS is responsible for their high surface area to material ratio, leading to disproportionately more considerable exposure to the body [113]. Size and shape are the two major factors responsible for M-NPs’ properties robustness, any variation in them is significantly reflected in the M-NPs’ color, melting temperature, and electrical conductivity, even if the two NPs are made of the same pure metal [114]. They are known for their strong plasma absorption offering controlled release pattern, in addition to their applications in biomedical sciences including biological system imaging and disease diagnosis, with the possibility of large-scale production [115,116]. M-NPs can be synthesized in different shapes, including spheres, rods, and tubes [117]; indeed, their instability, challenging synthesis with the presence of impurities, and toxicity are matters of controversy [115,118].



In particular, M-NPs’ toxicity is of concern, as the liver is the first point of contact for NPs entering the circulatory system; an example of such toxicity histological observation is illustrated in Figure 4. In this regard, NPs that can escape pre-systemic elimination could eventually accumulate in the liver post-entry, leading to profound interactions with hepatic cells and other non-parenchymal cells. Given the fact that M-NPs are notoriously resistant to degradation, this could lead to long-term persistence and subsequent hepatic toxicity [113]. In contrast, recent studies are reporting these NP benefits in healing the liver from critical situations, including the titanium dioxide (TiO2) and silicon dioxide (SiO2) NPs through inhibiting the cellular hepatic fibrosis [119], with no data on the possibilities of owning anti-MAFLD activities.



Interestingly, the spherical cerium dioxide (CeO2) NPs with PS of 4–20 nm paves the way in anti-MAFLD therapy through enabling the reduction in hepatocyte lipid droplets size and content, the hepatic concentration of triglyceride, and cholesterol ester-derived fatty acids, as well as the expression of several genes involved in cytokine, adipokine, and chemokine signaling pathways [121]. These nanoparticles’ original formulator suggested their hepatoprotective and therapeutic value in chronic liver disease [122]. Later, they were reported to be up-taken by HepG2 cells line that were intentionally treated with oleic and palmitic acids to induce the hepatosteatotic condition. These NPs have also reduced oxidative stress, improved cell viability, and reduced fatty acid content in steatotic conditions by inducing specific changes in fatty acid metabolism, suggesting their potential for treating MAFLD [123].




4.1.3. Nanographene Oxide Particles


Graphene was first reported for drug delivery in 2008, with an earlier established employment in the fields of photonics and electronics [124,125], while in nanomedicine it is considered the future boon of biotechnological kits and drug delivery for theranostics, high throughput biosensors and bioassay, smart scaffolds for tissue regeneration, and ultra-high sensitive biomarkers [126,127,128]. These various applications could be due to their wide PS range in both nano- and microscales [129,130]. Nanographenes (NGs) offer a controlled and slow-release profile [131,132], while their synthesis using the “bottom-up” method is considered more appropriate than the “top-down” one in terms of the produced uniformity [126]. New synthesis methods that can avoid NGs’ scalability and introduce industrial-level amounts are current challenges [131,132,133]. This inexpensive carbon nanomaterial can exist with a positive and negative charge, which is mainly used to remove heavy metals [134]. Graphene-based materials include pristine graphene, graphene oxide, reduced graphene oxide, graphene quantum dots, graphene nanoribbons, graphene nanoplatelets, and three-dimensional graphene foam. NGs can offer high electrical conductivity and surface-to-volume ratio resulting in significant altitude of the drug/compound-loading capacity and high mammalian cell internalization, particularly by the nanographene oxide particles (Figure 5) that are up-taken into the cell cytoplasm [135,136]. They are also known for their aqueous, colloidal stability [137], and the delivery of insoluble drugs/compounds [129,130,138]. Challenges such as NGs agglomeration in solution, due to van der Waals interactions, might impact the loaded drug/compound pharmacological behavior [133] and limit cell specificity (in case of chemotherapy or radiotherapy and cancer cells); in addition, unexplored toxicity issues must be of further research concerns [137,139].



In MAFLD, NGs’ synthesis was very limited to developing sensors as essential indicators for clinical diagnosis, and prognosis judgment, including environment-friendly immunosensor of leptin using porous graphene-functionalized black phosphorus and gold nanoparticles successfully [140]. The sensitive and selective biosensor was also reported for the fibroblast growth factor 21 as an important MAFLD biomarker [141], while there was no record on anti-MAFLD NGs as drug delivery systems or the synergetic impact of NGs alone on one or more MAFLD manifestation.





4.2. Lipid-Based Formulations


4.2.1. Liposomes


This nanocarrier is one of the first nanoformulations described in the early 1960s, with PS range of 0.025 μm to 2.5 μm [143,144]. Liposomes are non-toxic, flexible, biocompatible, completely biodegradable, and non-immunogenic nanocarriers that are suitable for systemic and non-systemic administrations. They offer significant advantages for hydrophilic and hydrophobic drug/compound delivery, including increment in efficacy stability, reduced toxicity, side effects, and targeting potentials. However, they are generally offering a short half-life due to oxidation and hydrolysis (particularly the negatively charged liposomes [145]), with possible drug/compound leakage, and high cost of production [146]. Parameters such as liposomes PS and bilayers’ number are critical as they control the circulation half-life and drug encapsulation percentage, respectively [144]. Thus, considerations are mainly given to its lipid composition, bilayer components, surface charge, size, and preparation method, which will significantly contribute to producing liposomes that can meet the set selection criteria [144]. The structural evolution of liposomes is illustrated in Figure 6.



Liposomes are prepared by passive or active loading techniques that include various mechanical dispersion methods [146,147]. In liver diseases, liposomes are promising nanocarriers for liver targeting as anticancer agent carriers [148,149]; this could be due to the fact that the liver exhibits the largest capacity for liposomal uptake, followed by the spleen among the other organs in the reticuloendothelial system [150]. In MAFLD therapeutics, liposome characteristics were mainly employed to enhance anti-MAFLD phyto- and conventional medicine properties. For instance, fenofibrate, an anti-dyslipidemia drug with prophylactic and/or inhibitory activity against inflammation, oxidation, and apoptosis, was loaded in liposomes. Fenofibrate is bio-pharmaceutically classified as a Class II drug, which means that, despite its high permeability, the drug’s poor solubility restricts its clinical outcomes [151]. Fenofibrate liposomes were prepared using a dry-film dispersing method with PS, Đ, and ZP of 122.1 nm, 0.293, and −2.92 mV, respectively. The EE% and drug-loading percentage were 96.6% and 7.44%, respectively, while the transmission electron microscope (TEM) images confirmed the spherical shape of the developed liposomes and the reported PS analysis by dynamic light scattering. The resulting liposomes offered a sustained in vitro release profile of fenofibrate, with a raised peak plasma concentration of 34.9-fold in comparison to the pure fenofibrate. Pharmacologically, fenofibrate liposomes (20mg/kg/day) reduced hepatic lipid accumulation significantly almost to the level of the control group of male C57BL/6 wild-type mice upon oral administration. Interestingly, unlike the pure fenofibrate, fenofibrate liposomes were able to remarkably reduce hepatic triglyceride content by 62.4% due to the increased oral absorption, which might offer a prophylactic effect against MAFLD.



Likewise, the flavonoid naringenin, which owns suggested anti-MAFLD activity due to its potent anti-inflammatory properties, was also successfully loaded (25 mg) in liposome by thin-film rehydration method, producing a liposome with PS 98 nm, EE%, and drug-loading percentage of 96.66% and 8.43%, respectively, with most of the naringenin encapsulated in the formulation’s lipid bilayer. The sustained release of the naringenin-loaded liposomes was significantly higher (81.74%) than the crude naringenin (24.35%), and the pharmacokinetic results on male C57BL/6J mice reveal the increase in maximum serum concentration (Cmax) by 6.7-fold. This naringenin liposome at 25 mg reduced the ALT, AST levels, and liver lipid accumulation in MAFLD induced by methionine choline-deficient diet compared to 100 mg of crude naringenin for the same reduction impact [153].




4.2.2. Hybrid Lipid–Polymer Nanoparticles


Hybridization is defined as a material involving two or more types of chemical bonds formed by “hybridization” of two or more monolithic materials [154]. The principle of hybrid-based NPs is emerging with some advanced nanosystems that were first reported in 2012 and 2014 [155,156,157]. The hybrid lipid–polymer nanoparticles (HLPNPs) are a novel generation core-shell nanostructure, notionally derived from both polymeric NPs and liposomes, where a polymer core remains enveloped by a lipid layer [158], as illustrated in Figure 7. This two-in-one nanosystem exists in both liquid or solid status, offering a drug control release profile [159], and owning a spherical shape and an outer surface that can be decorated in multifarious ways for active targeting of different approaches, including the smart delivery of DNA and RNA [158]. HLPNPs have two main methods of preparation, the Two-Step method, which usually yields PS between 200 nm and 400 nm and involves the preparation of polymeric NPs and lipid vesicles separately [158], and the One-Step method, where the separate preparation of the polymeric NPs and lipid vesicles is not a prerequisite. Other methods of preparation are still evolving, such as the use of bath sonication approach with the One-Step method (PS < 100 nm) [160], or the micro-vortex platform (PS ~30 nm to 170 nm) [161], in addition to the nanoprecipitation technique (PS ~60 to 190 nm) [134]. Thus, the selection of the right technique influences various parameters, such as size, dispersity, and shape [162,163,164]. The involved polymers in this NP synthesis are either previously reported in other nanosystems including Polystyrene, Maltodextrin, PLGA, Poly(ethylene glycol) monomethyl ether-Polylactic acid (mPEG-PLA), or Polylactic acid (PLA) alone [165], or a specifically functionalized polymer such as PFBT (poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-(2,1′,3)-thiadiazole)]) [166], and poly-beta amino esters (PBAEs) [167]. Factors such as the core-shell nature, the polymer–oil ratio and the compatibility between encapsulated drug and dispersed oil are critically influencing the hydrodynamic characteristics and drug entrapment capacity of the hybrid matrix [157]. HLPNP accumulation in the liver is still controversial, for instance, solutol-HLPNPs showed low drug accumulation, in contrast, vitamin E or D-ɑ-tocopheryl polyethylene glycol succinate (TPGS) HLPNPs demonstrated high drug accumulation, which may be attributed to variations in solubility between the loaded materials and/or the existence of an inverse correlation between increased blood retention of HLPNPs and their accumulation in the liver [168].



In MAFLD nanomedicine discovery, recent research studied the value of developing silymarin-HLPNPs for better hepatoprotective efficacies upon enhancing silymarin low oral bioavailability (0.73%), poor aqueous solubility, and low membrane permeability. Silymarin was loaded into a previously developed HLPNP with PLGA alone [169], and compared with the modified silymarin-HLPNPs with PLGA and chitosan using a modified nanoprecipitation technique. It was noticed that the loaded HLPNPs with PLGA increased PS and Đ from 125.8 nm to 286.5 nm, and 0.142 to 0.226, respectively, upon hybridization with chitosan, while the ZP charge changed from negative (−43.1 mV) to positive (45.3 mV) due to chitosan presence. The X-ray diffraction confirmed silymarin dispersion within the developed nanoformulations. As for the EE%, there were no significant changes upon hybridization (from 97.39 to 97.05%).



The hybridization with chitosan had enhanced silymarin cellular uptake by human epithelial colorectal adenocarcinoma cells (Caco-2) and HepG2 cells and boosted its lipid-lowering effect and the triglyceride content in HepG2 cells in comparison to PLGA hybridization alone. Both formulations offered a burst release drug delivery, and the relative bioavailability study on healthy male Wistar rats with an oral dose of 20 mg/kg showed that silymarin-HLPNP with PLGA and chitosan offered a bioavailability of 1.23-fold and 14.38-fold higher than that of silymarin-HLPNP with PLGA alone, and pure silymarin suspension, respectively. The hepatoprotective and antihyperlipidemic effects of silymarin-HLPNP with PLGA and chitosan in MAFLD conditions were suggested through reducing the AST and ALT serum levels significantly in PNPLA3 I148M transgenic male and female mice with notably less macrovesicular steatosis compared to the group treated with pure silymarin suspension [97].




4.2.3. Solid Lipid Nanocarriers


Solid lipid nanocarriers (SLNs) are colloidal drug delivery systems that were developed in the late 1980s. They are best described as a combination of liposomes and niosomes containing phospholipids and surfactant molecules, with a PS range from 40 to 1000 nm [171,172]; they are derived from oil-in-water (O/W) emulsions by replacing liquid lipids with a lipid matrix that is solid at room and body temperatures [173]. The lipid core typically consists of fatty acids (e.g., stearic acid), monoglycerides (e.g., glycerol monostearate), diglycerides (e.g., glycerol behenate), triglycerides (e.g., tripalmitin, tristearin, trilaurin), waxes (e.g., cetyl palmitate), or steroids (e.g., cholesterol), and is stabilized by appropriate surfactants [174,175]. Similar to most of the lipid-based formulations, SLN successfully delivered phytomedicines, proteins, and peptides, as well as a wide variety of genes and drugs. SLNs are classified into three types I, II, and III. As illustrated in Figure 8, type I is a homogeneous matrix model where the drug is dispersed in the lipid core with controlled release properties, while in type II a drug-free lipid core is formed, and a solid exterior shell with both lipid and drug is formed. Unlike type II, type III is adequate in achieving a prolonged drug release [172].



SLN has a wide range of advantages over the other nanosystems, precisely polymeric NPs and liposomes in terms of safety and owning the options of excluding organic solvents from excipients when desired, respectively. In addition, SLN offers excellent reproducibility and feasible large-scale production upon using the cost-effective high-pressure homogenization method, with a relative enhancement in loaded materials’ physicochemical stability compared to their pure form, along with biodegradable and cytocompatible natures. This nanosystem offers significant loading capacity with site-specific targeting capabilities and a controlled release profile [176]. An initial study suggests that SLN parenteral administration can bypass the gastro-intestinal route if the drug is pH sensitive, which may eventually result in high concentrations of drugs in the liver [177], but further investigations on SLN allocation and its benefit to liver and MAFLD is recommended.



Main critical challenges should be taken into consideration when choosing the SLN preparation process, as each method produces SLNs with different morphological characteristics [178], and has its own challenges, including the possibility of drug expulsion from nano-vehicles and unsuitability to encapsulate hydrophilic materials, machine(s) unavailability in each laboratory, instability due to relatively high dispersion and metal contamination, the use of organic solvents, and limitation related to material solubility in carbon dioxide upon using hot homogenization technique, cold homogenization technique, ultrasonication or high-speed homogenization, solvent emulsification/evaporation method, and supercritical fluid extraction of emulsion method, respectively [179,180].



In MAFLD therapy, SLN was reported in the enhancement of berberine solubility (very slightly soluble in water) [181], which is a major component of Coptis chinensis. It is believed to have potential anti-MAFLD activities through multi mechanisms, including mediating insulin resistance, regulating the AMP-activated protein kinase pathway, and modifying the gut microenvironment. SLNs were prepared using the authors’ previously patented method that yielded SLNs with PS, Đ, and ZP of 76.8 nm, 0.402, and 7.87 mV, respectively. However, under TEM, while the particles were reported to have spherical shapes, with PS ranging from 50 to 150 nm, the XRD and NMR measurements ensured that berberine was dispersed and wrapped in the lipid carrier. Pharmacokinetically, and upon administrating berberine in pure and loaded SLNs forms at 50 mg/kg to different groups of male Sprague Dawley male rats, Cmax was increased by 3 folds, indicating that SLNs could minimize fluctuations in drug concentrations, promote absorption, and possess a slow-release character [182]. Berberine-SLNs at 100 mg/kg dosage showed more potent hypoglycemic effects than the equivalent dose of berberine alone in db/db male mice, especially in improving glucose tolerance and insulin sensitivity. In addition, it has uniquely suppressed the gain of body weight and offered hepatoprotective effects by lowering the ALT serum level and hepatic triglyceride content [183]. The authors urged for preclinical studies of berberine-SLNs with further chemical and physical characterization as well as safety assessments to ensure the availability of the berberine-SLNs in the market.




4.2.4. Self-Emulsifying Drug Delivery System and Nano-Structured Lipid Carrier


These two lipid-based formulations’ application impact on MAFLD therapy was also limited to enhancing drug/compound physicochemical properties. This is due to their superior abilities in overcoming the leading factors behind insufficient oral bioavailability of lipophilic materials, including drugs efflux through P-glycoprotein and their first pass elimination due to metabolism through cytochrome P450 [184,185].



Self-emulsifying drug delivery systems (SEDDs) (Figure 9) have sparked profound interest from pharmaceutical researchers and industries through mainly antibiotic and antiviral SEDDs products in the market [186]; this micro/nanosystem offers droplet sizes of 5 µm to 200 nm [187] and <100 nm as well [188]. It can enhance the oral delivery of various therapeutic agents with different physicochemical properties [189,190], with either initial in vitro burst release, followed by a gradual-release phase or a sustained release profile [191,192,193,194]. SEDDs exist as liquid and solid formulations, where the solid form is suggested to provide better stability, reproducibility, and patient compliance, in addition to ease of process control, and various pharmaceutical dosage forms production (powders, capsules, tablets, or pellets) with the possibility of developing a controlled in vitro release attitude by mixing these dosage forms with suitable polymers or coating with polymeric films [193,195].



They are mainly composed of oil, surfactant, and cosurfactant phases mixed using the aqueous titration method, and the self-emulsification area is selected from the constructed pseudo-ternary diagram. The use of GRAS-type excipients with the least possible surfactant and cosurfactant (or co-solvent) ratios should be taken into consideration to assure that the final formulation is cytocompatible. As with other lipid-based formulations, the particle size relies on the excipients’ hydrophile–lipophile balance (HLB) value, where it is usually found that the higher the HLB value is, the lower the PS and Đ are, while the ZP charge is usually negative due to the presence of anionic surfactants and fatty acids unless specific lipids that grant the positive charge to the developed system are specifically employed, such as cationic surfactants, namely, tertiary amine surfactant, oleylamine, and the quaternary ammonium surfactants or polymers (e.g., Eudragit RS or RL) [196,197]. Incipient reports suggested that SEDDs could increase materials’ liver uptake [198,199], with further studies recommended on the cytocompatibility and mechanism behind such increment.



On the same line, nanostructured lipid carrier (NLC) is the enhanced version of SLN, as it outweighs the drawbacks of SLN. This includes loading capability issues by conceiving a less organized solid lipid matrix via blending a fluid lipid with the solid lipid, which provides less drug expulsion during storage [201,202,203]. NLC’s usual diameter ranges from 10 to 1000 nm, but most sizes between 50 and 300 nm are recommended for an easier crossing of barriers, increased uptake in cells and rapid action. Whereas NLCs usually own a controlled release profile, NLCs with size above 300 nm suggested providing a sustained drug delivery [204,205]. The particle size of this formulation is affected by several factors, including compositions’ properties, manufacturing process, processing temperature, pressure and number of cycles during high-pressure homogenization, sterilization and lyophilization [204]. They are mainly prepared by three different methods: the high-energy (homogenizer, sonicator, or microwave), the low-energy (microemulsion and double emulsion), and the organic solvent-based preparation [206]. They are primarily composed of lipids (solids and liquids at room temperature), surfactants, and co-surfactants, and other ingredients such as organic salts and ionic polymers. NLC offers significant chemical stability of the incorporated materials and effortless production possibilities on a large scale granting more affordable nanosystems than the polymeric NPs. The NLC classes are based on the structure of the formed crystals based on the lipid content, as explained in Figure 7. NLC type I offers an imperfect crystal model due to the presence of sufficient mixture amounts of liquid lipids and solid lipids, where the drug can place itself; NLC type II, known for its amorphous model, is linked to the use of special lipids that do not recrystallize after homogenization and cooling, which in turn will minimize drug expulsion. NLC type III, or the multiple models, shows a phase separation due to its composition of small oil nanoparticles that are inside the solid lipid matrix; this type is usually produced upon mixing solid lipids with higher amounts of oils in a ratio where the solubility of the oil in the solid lipid is exceeded [172]. In addition, NLC is also able to load lipophilic and hydrophilic materials, with no need to use organic solvents, offering control, and targeted drug release profile; however, as with most of the lipid-based formulations, inappropriate lipid/surfactant selection can lead to issues of stability and cytocompatibility [207]. As reported in SLN, NLC parenteral administration is recommended in liver delivery [177], as it demonstrated excellent liver tumor targetability on the in vivo level [208,209].



In the MAFLD drug discovery, silibinin’s oral bioavailability (flavonolignans) was enhanced with better efficacy to treat obesity-induced MAFLD upon loading it in different lipid-based nanocarriers, including SEDDs and NLCs [210]. The characterizations of SEDDs and NLCs showed that they had PS, Đ, and ZP of 83.89 nm and 25.49 nm, 0.31 and 0.23, and −8.55 mV and −34.27 mV, respectively. However, upon examining these formulations under TEM, the PSs were spherical but larger than the values by the Zetasizer (150 and 300 nm, respectively). The authors suggested that this is due to the additional preparations that the samples went under for TEM screening. Furthermore, silibinin’s loading capacity inside SEDDs and NLCs was significantly high, with 89.21% and 93.55%, respectively. Interestingly, SEDDs showed greater intensity and higher uptake in GIT than silibinin aqueous suspension and NLCs, probably due to SEDDs prolonged residence time in GIT. On the in vivo level, these lipid nanocarriers oral administration to male Sprague Dawley rats at a dose of 0.32 mg/kg could reduce the pathological signs of liver steatosis when compared to Roux-en-Y gastric bypass surgical option and upon treating MAFLD caused by obesity.



Recent successful application of NLC in MAFLD therapeutics was also reported using naringenin, a natural dihydroflavone that widely exists in citrus plants, with previously reported intense anti-inflammatory activity. Naringenin at 100 mg/kg/day attenuates MAFLD in male C57BL/6 wild-type mice via down-regulating the NLRP3/NF-κB signalling pathway [211]. The naringenin-loaded NLC was prepared by emulsion evaporation and solidification techniques to overcome its crude form poor water solubility (0.072 mg/mL), susceptibility to oxidation, and low oral bioavailability [212]. Upon characterization, the PS, ZP, EE%, and drug loading were 162.9 nm, −6.4 mV, 94.5%, and 22.5%, respectively, with good stability at 4 °C for 7 days. Naringenin-NLC cellular permeability was significantly higher than the naringenin alone on the Madin-Darby Canine Kidney (MDCK) cell line model, suggesting that naringenin could be a substrate of P-glycoprotein. The same enhancement profile was reported on the absorption in either ileum or jejunum of SD bio-breeding male rats. This could be why crude naringenin and naringenin-NLC had the same pharmacokinetic profile but at 100 mg/kg/day and 12.5 mg/kg/day, respectively. Interestingly, in MAFLD-induced mice, only a significant reduction in triglyceride levels was reported upon the oral intake of naringenin-NLC (12.5 mg/kg/day) in comparison to naringenin (100 mg/kg/day). Such a reduction pattern was not seen in ALT and AST levels, despite the fact that naringenin-NLC (12.5 mg/kg/day) recorded the highest quantification concentrations in the liver compared to crude naringenin at 50 and 100 mg/kg/day.




4.2.5. Nanoemulsion


Nanoemulsions (NEs) are characterized as colloidal systems with droplet sizes ranging from ~50–500 nm, low viscosity, transparency and spherical shape. They are designed to enhance a variety of compounds’ functional and physicochemical properties and shelf life, as well as cosmetical, nutritional, and pharmacological values. NEs can be delivered through the conventional and novel routes of administration, including transmucosal and transdermal routes [213,214]. This nanosystem offers a sustained release drug delivery [215,216], while the small droplet size promotes the material burst release pattern from NEs [217]. NEs’ release profile is directly proportional to its droplet size, smaller droplet size, and larger interfacial area, which promotes rapid drug release [218,219]. It consists of the main three phases, the oil, the aqueous phase and the emulsifier phase, as explained in Figure 10. The oil phase could be made of triacylglycerols, diacylgycerols, monoacylglycerols, and free fatty acids, non-polar essential oils, mineral oils, lipid substitutes, waxes, and oil-soluble vitamins.



Oil phase selection significantly influences the formulation’s stability and characteristics. The production of homogenous NEs relies on the preparation method using mainly either high or low energy methods (e.g., phase inversion temperature, phase inversion composition, ultrasonication, high-pressure homogenization and microfluidization, etc.); such selection is fundamentally reflected on the NEs’ loading, encapsulation efficiency, PS and Đ [213,220]. Usually, NEs are confused with microemulsions due to significant similarities between the two systems in terms of their physical appearance, components, and preparation techniques. However, NEs are kinetically stable and thermodynamically metastable, while microemulsions are thermodynamically stable [221].



NEs and NLC surpassed SLN in terms of bioaccessibility and small droplet size output (<100 nm), while NEs offer higher release rates for oral or topical routes [223,224], with equal abilities of NEs and NLC to provide protection and stability against UV radiation damages [225]. NEs were also found to be superior to SLN and polymeric nanosuspension when enhancing drug’s solubility and dissolution rate [226]. Despite the various advantages of NEs, the safety concerns associated primarily with the use of synthetic emulsifiers are a crucial problem to be tackled. Most of the synthetic emulsifiers can trigger toxic symptoms with the prolonged administration, including the potential binding of anionic emulsifiers to proteins, enzymes, and phospholipid membranes in the human body, resulting in various adverse alterations, such as dysfunction of enzymes, modification of protein structure, and phospholipid in the membrane cell [227]. Accordingly, replacing the synthetic emulsifiers with natural substitute(s) is one of the on-demand novelties in the NEs’ construction. Initial studies show that NEs’ intravenous administration provided drug delivery to various organs, including the liver, with promising targeting effects [228,229], while other studies indicate a preferential liver uptake to the oral NEs [230,231,232].



In MAFLD cases, the fat-soluble vitamin D (cholecalciferol) deficiency was observed. It is known for its anti-inflammatory, antioxidant and immune-modulating activity; however, the intake of conventional vitamin D is associated with variable oral bioavailability, poor water solubility and sensitivity to environmental factors, such as light, oxygen, and heat. The vitamin D NEs were prepared using the high-intensity ultrasonication method to overcome these physicochemical drawbacks through employing purposely designed pea protein natural amphiphilic surfactant resulting in droplet size of 88.90 nm, and EE% of 93.2% with a significant UV light stability for 180 min (remaining 74.22% of vitamin D in NEs) in comparison to the pure vitamin D (remaining 8.71%) [233]. The authors proposed that the light stability could be due to the presence of the aromatic side chains and double bonds in pea proteins which might absorb UV light. The digestion test for this oral NE showed good recovery of vitamin D after three hours (62.9%). As an anti-MAFLD, this NE demonstrated superiority to the conventional vitamin D in terms of reducing elevated liver enzymes, improved lipid profile, enhanced fatty acid oxidation and attenuates liver inflammation and fibrosis in high-fat diet male albino rats, suggesting a remarkable hepato-protectivity effect of the developed NEs [234].




4.2.6. Micelles


Micelles are self-assembling colloidal dispersions with a hydrophobic core and hydrophilic shell that have a PS ranging from 10 to 100 nm [235,236]. For the hydrophilic materials and proteins, the reverse micelles are the more suitable carriers [237,238], while the unimolecular micelles that are composed of block copolymers (i.e., core(laur)-polyethylene glycol) offer a much more thermodynamic stable micelle form [239], as explained in Figure 11. These polymers have several hydrophilic and hydrophobic regions in one molecule, which enables the self-assembly of one molecule into a micelle. Micelles are known for their high drug content and kinetic stability [240], and usually they are administrated through topical, and ophthalmic routes, but they could also be taken orally and intravenously. Micelles are mainly composed of the amphiphilic molecule (surfactants and copolymers), and they are favorable for their simple preparation procedure that offers increased drug solubility, reduced toxicity, increment in circulation time, enhanced tissue penetration and targetability [241], particularly upon using pH-sensitive polymers [242]. Care must be given when designing this nanocarrier in terms of assuring drug system stability, excipients-drug/compound compatibility, particularly for hydrophilic ones, and the suitability of the short-sustained release profile offered by micelles to the aim of the study [243]. The most controlling experimental factors upon designing micelles are the degree of swelling of the corona, excipient’s concentration, temperature, pH, ionic strength, and sample preparation. Polymeric micelles will have additional factors impacting the micelles characteristics, mainly PS, including the polymer/copolymer molecular weight, the relative proportion of hydrophilic and hydrophobic chains, and the quantity of solvent trapped inside the micellar core [244].



Micelles have surpassed other nanosystems for liver targeting therapy in terms of ideal distribution and relatively proper staying duration in the site upon employing smart excipients such as arabinogalactan polymer [246]. Polymeric micelles exhibited a high capacity to incorporate various bioactive molecules such as antisense oligonucleotides, plasmid DNA, proteins, small interfering ribonucleic acids (siRNAs), messenger RNAs [247]. Micelles could offer positive liver-targeting, mainly for anticancer agents [246,248,249], with further research needed in the anti-MAFLD future.



On the nano-molecular level, loading GDC-0449 and miR-29b1 mimics in micelles significantly reduced the collagen deposition in the liver, which in turn improved the liver fibrosis cases, suggesting that these micelles represent a promising candidate in treating MAFLD. The GDC-0449 and miR-29b1 mimics are a hedgehog ligand inhibitor that plays a vital role in treating liver fibrosis by inhibiting several pro-fibrotic genes. The measurements of PS, Đ and ZP were 80 nm, 0.2 and −0.5 mV, respectively, while the TEM image showed micelles’ spherical shape and well-dispersed particles, with one-week stability upon placing the micelles on the bench, in addition to 24 h stability in the serum. Moreover, the cellular uptake study indicated that micelles could transfect miRNA efficiently in the immortalized rat liver stellate cell line (HSC-T6), even in the presence of serum, which indicates the in vivo applicability of these micelles over many of the commercially available transfection reagents [250].




4.2.7. Nanocrystals


Nanocrystals (NCs) are currently considered as a promising drug delivery system (PS < 1 μm) with more than twenty approved formulations in the market including those that can treat MAFLD accompanied manifestations of hypercholesterolemia, diabetes, and inflammation [251,252,253]. NCs’ structure has various shapes, including dot, sphere, cube, rod, triangle, and hexagon [254]; an example of it, expressed under TEM, is in Figure 12. The advantages of NCs are focused on overcoming erratic absorption of poorly soluble drugs by significantly improving drug/component solubilization and bioavailability ratios which have a positive effect on their pharmacokinetics and therapeutic applications, as well as surface/cell membrane adhesion [251,253,255]. This nanosystem excels above the previously reported nanocarriers in terms of drug-loading capacity, and delivery efficiency to cells or tissues, which in turn lead to much more desirable pharmacological activities as compared to nanocapsules [256], liposomes [257], SLN, NLC [258], and NEs [259]. NCs are primarily administered via oral, parenteral, pulmonary, ocular and topical routes, using different methods of preparations depending on the desired final NC specifications where the combination technique is used to produce NCs with PS < 100 nm [260]. Furthermore, the bottom-up method is for laboratory-scale use [261], high-pressure homogenization for PS > 100 nm [262] and media milling for less contamination and pharmaceutical industry scale production [263]. NCs with an amorphous crystalline substructure have an increased dissolution rate and are better suited for the delivery of highly hydrophobic rather than hydrophilic drugs, with the ability to protect drugs from environmental conditions and to provide a controlled release profile. Critical steps to study during NC formulation include the freeze-drying process and dependence on critical microcell concentrations for improved stability and drug-loading capacity [264]. At the cellular level, NC charge plays a crucial role in their efficiency, where positive NCs can further interact with negatively charged organelles and DNA, leading to higher cell uptake and cytotoxicity compared to negatively charged particles. However, negatively charged NCs also exhibit significant uptake through clathrin- and caveolae-mediated uptake mechanisms [265,266,267].



Although NCs were effective in improving the drug delivery and pharmacological outcomes of cardiovascular, ophthalmic, viral, helminthic, bacterial, inflammatory and cancer diseases [251], NCs impact on liver disease is not well explored; it is proposed that oral and injected NCs might offer liver targeted drug delivery options [269,270]. As for directly addressing MAFLD, the anti-obesity and first time reported anti-inflammatory nanocrystalline cerium dioxide (CeO2) were suggested as part of MAFLD therapy based on CeO2 antioxidant auto-regenerative ability that was proven on the in vivo level [271,272,273]. These effects are linked to the significant ability of the NCs to reduce lipid peroxidation in the liver tissue, and to reversibly switch between Ce3+ and Ce4+ presented on its surface, resulting in the formation of oxygen defects in the crystal lattice that act as “reactive sites” or “hot spots” for free radical scavenging. In addition, CeO2-NCs reported reducing steatosis, lobular inflammation and pro-inflammatory cytokines (IL-1β, IL-12Bp40) in rat serum. Interestingly, CeO2-NCs also restored the level of anti-inflammatory cytokines (IL-4, IL-10, TGF-β) to the control values. Regarding the CeO2-NC formulation, details were limited to its PS of 4.9 nm with a ZP of-20 mV, while the X-ray diffraction is single-phase and corresponds to the cubic cerium dioxide [273].






5. Future Perspectives


In liver drug delivery, nanoformulations including liposomes, polymeric nanoparticles, and polymeric micelles are the primarily successful nanocarriers mainly in targeting hepatocytes selectively, enhancing loaded materials safety, stability, and physicochemical properties, such as solubility, which is limiting their pharmacological activities based on the drug’s biopharmaceutical classification [274,275]. As can be seen from our previous illustrations, additional detailed answers are needed to address the issues of the nanomedicine impact on MAFLD therapy from a variety of different perspectives, such as the logic behind the selection of a particular nanosystem, excipients, their ratios and preparation method(s). Selecting the route of administration is an additional issue that is critically linked to the type of nanocarrier, the efficiency and the nature of the loaded drug/compound. First and foremost, researchers should consider some key factors while designing each formulation. For example, lipid nanoparticles are known to promote lymphatic transport and can bypass the liver and avoid hepatic first-pass effect [276], which may lead to a conflict between in vitro and in vivo outcomes when using such nanocarriers. Although many studies report boosted in vitro dissolution rate and in vivo bioavailability of different drugs/compounds upon loading in lipid-based nanoparticles, further investigation is needed into the mechanism behind which physiological enhancement in the MAFLD-patient liver has occurred, even though the drug/compounds may be bypassing the liver. Another critical question to be answered is nanomedicine’s ability to overcome the absence of a single anti-MAFLD therapy.



In addition, a variety of nanocarriers should be considered to examine their unreported effects on MAFLD for therapeutic and diagnostic purposes, such as nanospheres, nanocapsules, nanosuspensions, niosomes, dendrimers, nanogels, carbon nanotubes, polymerized nanographene oxide particles, nanodiamonds, quantum dots, exosomes, polymers and nanoparticle-mediated targeted drug delivery systems, using specific ligands [133,135,136,140,277]. Future formulators are advised to use the concept of quality-by-design (QbD) formulation, as conventional pharmaceutical development processes are based on quality through testing, and are out of use [278].



It is essential to characterize the developed formulations through a boarder range of assays to clarify excipient–excipient, drug–excipient compatibility and long-term physicochemical stability. This includes fourier-transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, differential scanning calorimetry, X-ray diffraction, and scanning electron microscopy. The effect of the nanosystem charge (positive and negative) on the safe and efficient delivery of anti-MAFLD liver drugs, as well as the mechanism of metabolism, excretion rate, and route, should be extensively studied. Unfortunately, when examining nanoformulations at the in vivo level, gender is an overlooked factor; future research should involve both female and male animals to compare their responses to the formulation with a toxicity profile.



Furthermore, many phytochemicals were recognized for their anti-MAFLD therapeutics as illustrated in Table 1, and yet, when their nanosystems were developed (if any), they were never evaluated for the anti-MAFLD activities. Future studies can therefore focus on assessing such already developed nanosystems using the proper in vitro, ex vivo and in vivo MAFLD models. Silybin-nanosuspension and micelles that improved the low oral absorption and bioavailability of silybin are examples of such instances. [279,280], as well as Schisandra extract loaded in liposome-encapsulated with β-cyclodextrin [281]. Natural polyphenol compounds are a major current trend in the development of MAFLD therapy [282,283,284,285,286,287] and have a strong presence worldwide in many traditional diets, mainly Mediterranean diets [288], and common Chinese dietary herbs [289]. Studies are limited on such phytomedicinal compounds having an impact on MAFLD when loaded into nanosystems, mainly flavonoids and phenolic acids that account for about 60% and 30% of the polyphenols, respectively [290]. In terms of folk medicine, curcumin was one of the most investigated compounds for liver hepato-protectivity and MAFLD treatment potentials. However, these investigations still did not cover most of the famous nanosystems. For instance, curcumin-loaded polymerized graphene oxide nanocarrier was reported to improve its sustained release behavior and bioavailability with a cytocompatible profile [291], while curcumin liposomes were reported to improve the oxidative stress/antioxidant balance and alleviate inflammation in experimental acetaminophen-induced hepatotoxicity [292]. Studying the impact of such nanosystems on MAFLD might grant answers to many questions concerning its generic drugs (anti-obesity, hypoglycemic, lipid-lowering, cytoprotective and antioxidant agents), and phytomedicinal therapies.



The use of synergistic excipients in the treatment of MAFLD was restricted to mostly chitosan polymers, so more research should consider investigating and/or using other synergistic excipients such as oils, surfactants, co-surfactants, co-solvents. Ginger and garlic oils are promising to begin with as they have been successfully used in the construction of different nanoemulsions for their anti-obesity, anti-hyperlipid activity, along with their hepatoprotective ability to minimize serum total cholesterol, low-density lipoproteins, very low-density lipoproteins, triglycerides, and atherogenic indices. In addition, the resultant and improved serum high-density lipoprotein cholesterol levels suggest that animals are on the way to recovery from MAFLD [313]. However, the ability of such smart excipients to produce nanosystems meeting the required selection criteria is a priority too.



Another overlooked consideration in MAFLD nanomedicine therapy is the fate of nanocarriers and related safety issues following administration through various routes, with reports of inflammation-related DNA damage in the liver associated with exposure to nanoparticles [314], in addition to a persistent rise in body weight and elevated blood glucose levels due to manganese oxide nanoparticle subcutaneous injection at 100 μg/kg, along with a drop in low-density lipoprotein levels [315]. On the same line, and as the liver is suggested to be the major organ for nanoparticle deposition after their absorption, a single oral dose of silver nanoparticles induced acute liver inflammation in healthy male mice; this emphasizes an increased threat to the susceptible overweight population [316]. Therefore, the sequence of safe, effective and stable novel nanoformulation should not be neglected.




6. Concluding Remarks


NAFLD has been re-identified and renamed to a precise name, MAFLD. The disease is escalating all over the world, burdening the health’s of millions due to its multiple manifestations of intrahepatic lipids, alterations of energy metabolism, insulin resistance, and inflammatory processes that contribute to the lack of a specific and effective single treatment. On the other hand, the proper selection and design of the nanocarrier, and it’s in vitro, ex vivo and in vivo evaluation models could provide a clearer vision about the possible solutions to the available conventional anti-MAFLD drugs and traditional herbal remedies in order to protect them from the harsh physiological or environmental conditions. The relation between enhanced materials’ solubility, dissolution rate, bioavailability, and MAFLD nanomedicine discovery is in need of further investigation, mainly when using lipid-based nanocarriers, where the possibility of drug bypassing the liver is high. In this regard, targeted drug delivery might be more promising in MAFLD therapy as exploring such approach could offer a single anti-MAFLD therapy. The fate of nanoformulations inside the body, including their metabolism, accumulation, and excretion, is a crucial issue to consider when designing such formulations to ensure formulations’ safety and efficacy at the same time.
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Figure 1. The main challenges that nanoformulations are overcoming to enhance drug/phytochemical delivery. 
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Figure 2. The published article number from the PubMed search (October 2020) vs. the years, using the keywords of A: NAFLD, B; Nano, C: MAFLD, D: NAFLD nano, E: MAFLD nano with a peak in research since 2018 (expressed within the orange line). NAFLD, non-alcoholic fatty liver disease; MAFLD, metabolic fatty liver disease. 
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Figure 3. Chemical structures of the most used polymers in engineering polymer-based nanoparticles for MAFLD therapy. 
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Figure 4. Histopathology of the liver after consuming 100 µL gold nanoparticles by different groups of Swiss albino female mice via intraperitoneal injection at different periods and particle size (PS). (1) Control mouse liver section showing normal hepatic architecture, (2) marked steatosis, and the abundance of micro and macro vesicles after one-day consumption at 5 nm, (3) and (4) look healthy with normal hepatocytes after one-day consumption at 20 nm and 50 nm, respectively, (5) cytoplasmic degeneration and some aggregation of inflammatory cells after seven days consumption at 5 nm, (6) looks healthy with mild activation of Kupffer cells after seven days consumption at 20 nm, (7) multi-necrotic foci filled with hemorrhage and also the presence of infiltrative cells after seven days consumption at 50 nm, (8) necrotic foci filled with edema and surrounded by inflammatory cells after one and seven days consumption at 5 nm, (9) and (10) look healthy with bi-nucleated cells and the activation of Kupffer cells after one and seven days consumption at 20 nm and 50 nm, respectively. Adapted from reference [120]. 
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Figure 5. Scanning electron microscopy images of (a) 5.34% silver nanoparticle-embedded graphene oxide (Ag/rGO), (b) 7.49% Ag/rGO, (c) 6.85% zinc oxide nanoparticle-embedded graphene oxide (ZnO/rGO), (d) 16.45% ZnO/rGO, (e) 3.47% silver nanoparticle, and 34.91% zinc oxide nanoparticle-embedded graphene oxide (Ag/ZnO/rGO), and (f) 7.08% silver nanoparticle and 15.28% zinc oxide nanoparticle-embedded graphene oxide (Ag/ZnO/rGO). Adapted from reference [142]. 
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Figure 6. Structure of conventional liposome encapsulating hydrophilic and hydrophobic drugs. Adapted from the reference [152]. 
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Figure 7. The structure of hybrid lipid–polymer nanoparticles. Adapted from the reference [170]. 
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Figure 8. Classifications of (a) solid lipid nanoparticles (SLNs); (b) nanostructured lipid carriers (NLCs). Adapted from reference [172]. 
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Figure 9. The typical self-emulsifying drug delivery system (SEDD) structure after dispersion in aqueous phase. Adapted from reference [200]. 
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Figure 10. The structure of nanoemulsion droplet, consisting of lecithin as an emulsifier dissolved in oil phase, and Tween 80 as another emulsifier dissolved in aqueous phase, while the active material is curcumin. Adapted from reference [222]. 
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Figure 11. Schematic representation for the micellization of diblock copolymers and drug encapsulation in polymeric micelle. CMC: critical micelle concentration. Adopted from reference [245]. 
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Figure 12. Transmission electron microscopy image of a typical nanocrystal sample loaded with titanium dioxide. Adapted from the reference [268]. 
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Table 1. Suggested phytochemicals for future anti-MAFLD nanocarrier research in relation to it being active and/or excipient with synergetic effects.
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	Phytochemical Compound Name
	Source
	Reported Activity
	Reference





	α-linolenic acid
	Flaxseed
	Weight loss, reducing the risk of atherosclerosis, diabetes, metabolic syndrome and dyslipidemia
	[293,294]



	Flavonoids, steroids, terpenoids and phenolic acids
	Cinnamon
	Antioxidant, anti-hyperglycemic effect, improves lipid profiles
	[294,295]



	Flavonoids (catechins)
	Green Tea
	Antioxidant
	[294,296]



	Isoflavones
	Soybeans
	Protection and treatment of cardiovascular diseases, diabetes, decreasing hepatic lipid deposition, and increasing antioxidant capacity
	[294,297]



	Glycyrrhizin
	Licorice root
	Reduce liver inflammation, antioxidant, anti-diabetic, reduce ALT, AST, and hepato-protective
	[294,298]



	Xuezhikang, unsaturated fatty acids, and flavonoids
	Red yeast rice
	Lowering serum total glycerides, total cholesterol
	[294,299,300,301]



	Qianggan
	A combination of 16 Chines herbs
	Anti-fibrotic
	[294,302]



	Chlorophyll, tocopherols, and ubiquinone
	Chlorella green algae
	Prevention and treatment of several metabolic disorders (e.g., dyslipidemia, hyperglycemia, hypertension, obesity)
	[294,303]



	Danning Pian
	A combination of several herbs
	Similar to ursodeoxycholic acid in terms of antioxidant and cytoprotective efficacy
	[294,304]



	Yiqi Sanju
	A combination of several herbs
	Improved the MAFLD grade
	[294,305]



	Anthocyanins and a

variety of phenolic acids, including caffeic, ferulic, sinapic, and salicylic acids
	Bayberry
	High antioxidant and anti-inflammatory capacity
	[294,306,307]



	Dietary phospholipids (dilinoleoylphosphatidylcholine)
	Soybeans
	Anti-inflammatory,

anti-fibrotic, and lipid and regulating effects
	[294,308]



	Allicin, and flavonoids
	Garlic
	Anti-hepatic oxidative stress potentials
	[294,309,310]



	Dihydromyricetin
	Ampelopsis grossedentata
	Antioxidant, anti-inflammatory, hepatoprotective and glucose-regulatory activities
	[294,311]



	Phyllanthus
	Phyllanthus urinaria
	Hepatoprotective and strong antioxidant capacities
	[294,312]
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