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Abstract: Oral administration of dosage forms is convenient and beneficial in several respects. Lipid nanoparticulate dosage forms
have emerged as a useful carrier system in deploying low solubility drugs systemically, particularly class II, III, and IV drugs of the
Biopharmaceutics Classification System. Like other nanoparticulate delivery systems, their low size-to-volume ratio facilitates uptake
by phagocytosis. Lipid nanoparticles also provide scope for high drug loading and extended-release capability, ensuring diminished
systemic side effects and improved pharmacokinetics. However, rapid gastrointestinal (GI) clearance of particulate delivery systems
impedes efficient uptake across the mucosa. Mucoadhesion of dosage forms to the GI mucosa results in longer transit times due to
interactions between the former and mucus. Delayed transit times facilitate transfer of the dosage form across the mucosa. In this
regard, a balance between mucoadhesion and mucopenetration guarantees optimal systemic transfer. Furthermore, the interplay
between GI anatomy and physiology is key to ensuring efficient systemic uptake. This review captures salient anatomical and
physiological features of the GI tract and how these can be exploited for maximal systemic delivery of lipid nanoparticles. Materials
used to impart mucoadhesion and examples of successful mucoadhesive lipid nanoformulations are highlighted in this review.
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Introduction
Orally administered dosage forms have a natural predisposition to presenting an active pharmaceutical ingredient (API)
systemically, following absorption from the gastrointestinal (GI) tract (GIT). Additionally, oral administration of medicines
provides an avenue for treating localized GI diseases and disorders, such as ulcers, infections, inflammation, and cancer. These
disorders may be GIT site-specific, requiring drug delivery systems to deploy APIs to the relevant sites.! However, the vast
majority of therapeutics administered orally are destined for systemic delivery. Oral delivery of medicines is more acceptable
to patients and devoid of the constraints associated with parenteral administration, such as requiring the need for trained
personnel for administration or the likelihood of sepsis.? Submicron particles, particularly nanoparticulate delivery systems,
have emerged as a frontier in the systemic delivery of APIs via the GIT.>* These particles are taken up and transported
intracellularly through enterocytes, whilst larger particles are mainly absorbed by Peyer’s patch microfold (M) cells.’
Nanoparticle (NP) uptake by Peyer’s patches has been exploited as a means to improve the systemic bioavailability of poorly
soluble drugs.®® Furthermore, oral administration of nanoencapsulated APIs potentially reduces the systemic side effects of
the APIs.” For example, reduction of the nephrotoxic side effects akin to parenteral delivery of amphotericin B can be achieved
when the latter is administered orally in NPs, albeit, with lower bioavailability.'® Improved systemic bioavailability of poorly
soluble APIs following oral administration in nanocarriers is well recognized.”® In this regard, the rate and extent of particle
uptake (phagocytosis) is inversely related to the size of the particle administered."'

Aside from particle size, NP surface characteristics such as charge also play a very crucial role in GI absorption, whereby
particles with positive surface charge are better absorbed compared to negatively charged surfaces. This has been attributed to

the negatively charged sialic acid moieties in mucin.'* Systemic delivery of orally administered APIs in nanoparticulate
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dosage forms is also dependent on the predisposition of both the API and the delivery system in the GIT enzymatic milieu'?
since certain drugs such as peptides are degraded by digestive enzymes. In fact, the degradation of nanoparticulate carrier
systems has been used as a trigger for activating drug release from some dosage forms in the GIT.'* The mucosal layer presents
a barrier to the systemic delivery of drugs from the GIT,'” whereby it acts as a pre-absorptive barrier next to the epithelia, and
is arguably one of the most intensely studied areas in epithelial nanoparticulate drug delivery.'® The literature is rich with
scientific reports on tenable nanoparticulate delivery systems developed to surmount the anatomical or physiological
constraints within the GIT, prior to systemic absorption of APIs.

This review presents some of the key anatomical and physiological features of the GIT that are relevant in
nanoparticulate uptake. The review also presents recent innovations employed to improve the systemic delivery of
APIs encapsulated in nanoparticulate drug delivery systems. We also expound relevant physicochemical constraints of
APIs that dictate the propensity for absorption across the GIT, and how nanoformulation technology is evolving towards
ensuring efficient delivery. The review pays special attention to lipid NPs as a frontier in the systemic delivery of
therapeutics, harnessing mucoadhesion within the GI epithelia and drainage into the lymphatics.

Oral Delivery of Dosage Forms

Oral drug delivery is essentially drug administration through the mouth. This route of drug administration is undoubtedly
the most popular and preferred drug delivery route. It is estimated that approximately 50% of all medicines are
administered by mouth.'” Dosage forms that are administered or used orally include tablets, capsules, powders, granules,
drops, syrups, emulsions, solutions, suspensions, gels, and films, among others.

In general, drug absorption following oral administration is influenced by biological factors, which are mainly based
on the anatomy and physiology of the gastrointestinal (GI) tract (GIT), and technical factors, which chiefly stem from
physicochemical characteristics of active pharmaceutical ingredients (APIs) and the formulation strategy with respect to
drug delivery system.'® Drug absorption following oral administration is favored by the large surface area for absorption
in the GIT, particularly in the small intestine, and the residence or transit time of the administered formulation in the GIT.
Other specific conditions in the GIT that can affect oral drug absorption include pH, mucus thickness, and the diversity

and population of microbes in the different regions of the GIT.'*2!
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Basic Anatomy/Physiology of the GIT

The GIT is a hollow and muscular tube with varying diameters that stretches from the mouth to the anus. The main anatomical
areas of the GIT are the esophagus, the stomach, the small intestine, and the large intestine (colon). The inner surface of the
GIT is very rough, which helps to increase the surface area available for drug absorption. The GIT wall is made up of four
principal histological layers, namely, the serosa, muscularis externa, submucosa, and mucosa. The GI epithelium is covered
with a protective and mechanical mucus barrier.'” It is important to recognize the key features of the GIT as these have a strong
influence on drug absorption following. The esophagus is approximately 25 cm in length,** normally folded in a relaxed state
but expands during swallowing.*® The pH of the contents of the esophageal lumen is usually between 5 and 6.'7 On the other
hand, the pH of the stomach is about 1-3.5."7* The stomach has a protective role of reducing the risk of toxic agents reaching
the small intestine. It also majorly acts as a temporary reservoir for ingested materials and delivers them into the duodenum.'”
The small intestine is the major site for oral drug absorption; however, the rate at which gastric emptying occurs may affect the
onset of drug absorption.'” Furthermore, lipolysis starts in the stomach and direct absorption of short and medium chain fatty
acids also occurs through the gastric mucosa.”>*® The small intestine has a pH of 6—7.5; it starts from the pylorus and ends at
the ileocecal valve.'”?” It has numerous villi and microvilli.”* Peyer patches are also mostly found in the ileum.?* Among the
three main parts of the small intestine, the jejunum and ileum have a higher absorption capability compared to the
duodenum.*®*' Lipid digestion begins in the stomach and usually starts with the breakdown of triglycerides; however,
lipolysis mostly occurs in the small intestine. Bile salts emulsify triglycerides via micelle formation to increase access of
triglycerides to lipase.'”* The large intestine has a pH of approximately 7-7.5,""% and its main functions are absorption of
water and electrolytes and storage and compaction of luminal contents for controlled elimination of feces.'’**> Approximately
50% of the dose of a rectally administered drug bypasses the portal circulation, which may be beneficial and can be exploited if
a drug has a low oral bioavailability.>* The importance of lymphatic drainage of the rectum with respect to drug absorption has
not been fully established; however, it is possible that it contributes to the systemic absorption of highly lipophilic drugs.*

Advantages of Oral Drug Delivery

The oral route remains popular for drug delivery due to its unrivalled benefits such as being pain-free, non-invasive, and
convenient.'*® The oral route also allows for easy administration of intact solid dosage forms and is associated with better
patient compliance. The viscous mucosal layer and large surface area (>300 m?) of the GIT allow for the adhesion of oral

dosage forms to the GI lumen, which can enhance drug absorption®'*’

and protect against shear stresses induced by flowing
Gl juices.”® However, it is not useful during emergency situations and is also associated with enzymatic, chemical, or physical
barriers to absorption and the possibility of liver first pass.'’° Several drugs have low GI permeability imposed by absorptive
epithelial cells and mucus-secreting goblet cells.** Paracellular drug uptake is impeded by intercellular tight junctions,*' and
after traversing the GI epithelial layer, drugs must also traverse the endothelium before systemic entry.** The propensity of

drugs traversing the epithelia is a function of their lipid solubility.** 3

Improving the Oral Absorption of Poorly Soluble and/or Absorbable Drugs
The biopharmaceutical classification system (BCS) classifies drugs based on solubility and absorption propensity,*®
which are also useful in the provision of biowaiver status in bioequivalence studies.*’** A large number of drugs
delivered orally are absorbed into the blood via transcellular passive transport. It follows that the intrinsic lipophilicity of
an API will influence its own transport across enterocytes, such that lipophilic drugs tend to permeate favorably across
the GI membrane.*’ The intrinsic lipophilicity of a drug can be improved via modification of its chemical structure;
however, this may modify its biological activity. GI absorption of low permeability drugs (ie, class III and IV drugs) can
be improved through ion-pairing with penetration/permeation enhancers, and via encapsulation in lipid carriers such as
liposomes, coarse emulsions, microemulsions, self-emulsifying drug delivery systems, self-microemulsifying drug
delivery systems, and lipid NPs.** Some of these systems may be used in conjunction with permeation enhancers.
Unfortunately, the use of permeation enhancers may permanently affect the physical integrity of the GI membrane.’®'
Other techniques employed in improving the bioavailability of class II, III, and IV type drugs include pH alteration of the
drug’s microenvironment, formation of eutectic mixtures, evaporative precipitation into aqueous solution, micronization,
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molecular encapsulation with cyclodextrins, nanonization, precipitation, selective adsorption on insoluble carriers, solvent
deposition, spray-freezing into liquid, supercritical fluid recrystallization, preparation of solid dispersions, solid solutions, as
well as the use of anhydrates, solvates, metastable polymorphs, amorphs, precipitation inhibitors, salt forms, and
surfactants.**>>* Review of the aforementioned techniques for improving drug solubility and GI permeability points to
nanoformulation technology as the spearhead in this pursuit. Importantly, lipid-based nanoformulations stand out because of

their added ability to drain into the lymphatic system.

Nanoparticles as a Drug Delivery System

Drug delivery devices made of NPs normally range in sizes between 10 and 1000 nm, but typically in the 100’s range.
These typically include micelles, liposomes, nanogels, dendrimers, and lipid, gold polymeric, and silica NPs, to name
a few.” They have the lowest size-to-volume ratio among the various drug delivery systems, which promotes a higher
propensity for uptake across epithelia and a higher adsorption capacity for surface loading compared to conventional
dosage forms. Drug cargoes are usually adsorbed, encapsulated, entrapped, or dissolved within a suitable matrix carrier
system of the NP.>® Another superior feature of NPs is their capability of shielding drugs from degradation, whilst
improving cellular uptake. Appropriate polymers may be incorporated into the formulation of NPs to impart mucoadhe-
sion, with a resultant increase in transit times in the GIT.”*® Crucially, NPs provide a wider scope for imparting
modified drug release and functionalization of appropriate moieties that serve to target the NP to specific tissues.”’>®
This is particularly important in cancer therapy, where minimization of side effects should be a prime focus. In this
review, we are focusing on lipid NPs and present in the subsequent sections, salient features of the same that can be

exploited for maximal therapeutic effect.

Lipid NPs

Lipid NPs can be fabricated as solid lipid nanoparticles (SLNs) or nanostructured lipid carriers (NLCs) (Figure 1),
depending on the composition of the lipid matrix, which acts as the carrier/vehicle in the formulations. There are several
advantages that lipid NPs have over other NPs. Firstly, they are relatively more stable and less expensive to formulate,
especially compared to liposomes. It has been indicated that the stability of lipid NPs is largely dependent on the
physicochemical stability of their solid lipids as a result of susceptibility to degradation and coalescence.’® Consequently,
solid lipids must be carefully selected for lipid NP manufacture following adequate characterization. Another advantage
of lipid NPs is that they can be up-scaled and formulated to improve the pharmacokinetic profile of encapsulated APIs.
They can be used to deliver both hydrophilic and lipophilic APIs, and generally manifest lower toxicity as they can be
fabricated using biocompatible lipids.®>°' Techniques used for the manufacture of lipid NPs on an industrial scale
include high-pressure homogenization (hot/cold), membrane contactor technique, microemulsion cooling, emulsification-
solvent evaporation, and coacervation. Other methods for the fabrication of lipid NPs include ultrasonication, high shear
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homogenization, microemulsion, phase inversion temperature, double emulsion, emulsification solvent diffusion, solvent
injection, and supercritical fluid techniques.>*-°0-62

SLNs are prepared with solid lipids such as highly purified triglycerides, complex glyceride mixtures, fatty acids, fats, and
waxes, and stabilized with surfactants or co-surfactant solutions.®> SLNs have good physical stability, tolerability, and offer
a good degree of protection to encapsulated drug cargoes.”® Additionally, drug release from the matrix can be controlled to
achieve slow/sustained release profiles.** One of the disadvantages of SLNs is that drug loading may be low, depending on
drug solubility in the lipid matrix as well as the structure and polymorphic state of the lipid(s), which can result in lipid
crystallization and drug expulsion.”>**> However, sufficiently high encapsulation efficiencies (>60%) have been obtained for
drugs with different solubility characteristics using a theobroma oil and beeswax matrix,® which indicates that a suitable solid
lipid mix may be the key to achieving a good encapsulation efficiency for a given API. Another challenge that may be
encountered in the development of SLNs is degradation of the loaded active drug as a result of high pressure applied during
production. Fortunately, it has been indicated that the application of a back pressure can help curb this.>

NLCs, on the other hand, are lipid-based NPs that were developed to overcome some of the shortcomings of
conventional SLNs. Unlike SLNs, NLCs are fabricated with both solid and liquid lipids, which results in an NLC
lipid matrix with improved nanostructure that can support higher drug loads and prevent drug expulsion. There are three
types of NLCs. The imperfect type NLCs, with general imperfections in their structure, result in the creation of domains
for drug loading.®® In the “multiple” type NLCs, the API is dissolved in the liquid lipid and protected from degradation
by the surrounding solid lipid. It is formed when the solubility of the drug in the liquid lipid is higher than that in the
solid lipid and has been proposed to be similar to water-in-oil-in-water emulsions.®’®’ In the “formless” or amorphous
NLCs, drug crystallization is checked so that drug expulsion does not occur.®®

Oral Absorption of Lipid NPs and Relevance to GIT Physiology

Following oral administration of lipid NPs, they transit through the GIT and are absorbed either as intact particles if they are
able to withstand the effects of GI juices, or in their degraded form. Prior to uptake by epithelial cells, they interact with the
mucus layer of the GIT. The characteristic smaller size and larger surface area of lipid NPs facilitate their uptake across the
mucus layer and the epithelial monolayer.®® Degradation products of SLNs such as glycerides and fatty acids can enhance
intestinal absorption of encapsulated drugs via micelle formation in the intestinal milieu. The lipid NPs and the degradation
products can both traverse the enterocyte membrane via passive diffusion, facilitated diffusion, or active transport.®®%°

Paracellular transport within the GIT occurs through aqueous pores between the epithelia. Intercellular spaces make up
approximately 0.01% of the total surface area of the GI epithelium, and in addition, there are tight junctions between the cells.'”
These tight junctions consist of a network of transmembrane proteins that form pores of approximately 8 A in diameter and
impede paracellular diffusion of molecules.”® As a result, only small, hydrophilic molecules can traverse this route. However,
permeabilization of the GI epithelial cells can promote paracellular absorption, whereby it has been proposed that both hydrostatic
and osmotic forces can modify the dimensions of intercellular spaces.”' Additionally, some molecules such as chitosan can induce
reversible weakening of tight junction opening that promote paracellular uptake of lipid,”*”* without increasing the absorption of
common endotoxins in the GIT.%® These factors can be exploited to enhance paracellular transport of lipid NPs.

Particles with diameters of <10 um, approximately 1 pm, and <200 nm can be absorbed through the Peyer’s patches,
phagocytosis by intestinal macrophages, and endocytosis by enterocytes, respectively.’* This indicates that lipid NPs can
potentially be taken up from the GIT via these mechanisms. The transport of lipid NPs across intestinal epithelium can be
investigated using techniques such as confocal laser scanning microscopy, flow cytometry, total internal reflection
fluorescence microscopy, and transmission electron microscopy.”

Lipid NPs enter lymphatic tissue following oral administration via the Peyer’s patches.”® Lipid NPs can enhance
chylomicron formation by enterocytes, which can improve solubilization of a loaded hydrophobic drug into the lipophilic
matrix and enhance lymphatic uptake.”” Moreover, it has been shown that lipid-based formulations can increase lymphatic
uptake of orally administered drugs. Specifically, several in-depth investigations have been performed to evaluate lymphatic
uptake of NLCs and SLNs following oral or intraduodenal administration to laboratory rats.”® 3

SLNs were found to increase the lymphatic transport of lopinavir by approximately five-fold.” In another study, the uptake
of coumarin-6-loaded SLNs modified with hydroxypropyl trimethyl ammonium chloride chitosan (HACC-C6-SLNs) through
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Peyer’s patches and small intestinal tissues near the patches was evaluated in male Sprague—Dawley rats. The results showed
that the fluorescence intensity of HACC-C6-SLNs in the Peyer’s patches of the rats was higher than that in the normal small
intestine, which was attributed to extensive phagocytosis by M cells in the Peyer’s patches.”® These findings clearly indicate
that M cells, Peyer’s patches, and lymphatic transport are involved in the oral absorption of lipid NPs.

Baek et al also found that the paclitaxel concentration in the lymph nodes of male Sprague—Dawley rats was higher
when the drug was orally delivered in hydroxypropyl-B-cyclodextrin-modified SLNs than when it was administered as
a solution, clearly indicating a higher uptake of the surface-modified SLNs into the lymphatic vessels.*® In a subsequent
study, the lymphatic uptake of curcumin-loaded SLNs and N-carboxymethyl chitosan (NCC)-coated curcumin-loaded
SLNs was investigated in Sprague—Dawley rats following oral administration. The study was performed by measuring
the amount of the drug in the mesenteric lymph nodes of the rats, and it was found that there were significantly higher
amounts of curcumin in the lymph nodes of rats administered the SLNs compared to those administered curcumin
solution. Additionally, the NCC-coated SLNs produced significantly higher amounts of curcumin in the lymph nodes
compared to curcumin SLNs,* indicating improved lymphatic uptake possibly due to surface modification of the SLNs.

Furthermore, NP bioadhesion, inhibition of P-glycoprotein mediated efflux, passive diffusion, and lipolysis (which
improves the solubility and dissolution of poorly soluble drugs), are all important mechanisms by which the GI
absorption of lipid NPs occurs or can be improved.®¢

Notwithstanding the proposed mechanisms of lipid NP uptake after oral delivery, and the fact that the small intestine
is ideal for optimal drug absorption, it may be worthwhile investigating the absorption propensity of lipid NPs at specific
sites in the gut. For instance, Li et al found that quercetin-loaded SLNs were absorbed at 6.20%, 13.00%, 17.57%,
30.44%, and 22.03% in the stomach, duodenum, jejunum, ileum, and colon of male Wister, respectively. Consequently, it
was concluded that there are more Peyer’s patches and M cells in the ileum and colon compared to the other three
segments.®” These findings indicate that the NPs will best be absorbed in the ileum and colon.

Transit of Dosage Forms in the GIT

Oral dosage forms are usually administered as solids, in the form of powders, granules, single-unit tablets, or multi-
particulates, or as liquids, in the form of emulsions, solutions, or suspensions. Immediate-release solid dosage forms
disintegrate and release the drug cargo immediately after dose intake, which means that such formulations are similar to
solutions or suspensions in the GIT in respect of gastric emptying. Solid dosage forms can be fabricated to remain intact
in the upper GIT or throughout their transit in the GIT.*® It is important to study the GI transit behavior of different oral
dosage forms since their physical forms can influence their passage through the gut. NPs are usually prepared in the form
of suspensions; as a result, they can be considered liquid dosage form. They can also be spray-dried or freeze-dried to
obtain dry solids that can be administered as oral powders or further formulated as tablets or capsules. The removal of
water from NP suspensions may be important in improving formulation stability.*’

The transit of SLNs in the GIT of rats as well as the effect of food on the transit of the SLNs have been
investigated.®’® However, there are limited reports of such transit studies on lipid NPs in humans. This is not entirely
surprising, as the transit behavior of liquids, multiparticulates, and tablets in the human GIT has been extensively studied,
and it is expected that newer drug delivery systems will behave similarly. Notwithstanding the immense usefulness of
available data on dosage form transit in the human GIT, we believe that specific transit studies on different drug delivery
devices may be necessary to unravel any possible intricacies in drug absorption patterns. Estimated residence times of
various dosage forms in the GIT that have been reported in literature are discussed below.

The transit of dosage forms within the human GIT is mainly affected by gastric emptying and colonic transit since small
intestinal transit time (SITT) is relatively fixed. The transit of tablets in the esophagus is affected by size and shape while standing
but not in the supine position. Esophageal transit time (ETT) of solid dosage forms is also affected by the volume of water
administered with the formulations.”"*? It has been found that the orogastric transit time of size 2 hard gelatin capsules containing
commonly used pharmaceutical excipients and microparticulate magnetite is in the range of 1.4—5.7 s in the upright position and
5.2—7.8 s in the supine position. The time decreases as the volume of the swallowed liquid is increased in either position. The
study was conducted using a superconducting quantum interference device.”” ETT has also been estimated using gamma
scintigraphy for single-unit tablets” and video fluoroscopy for a film formulation.’* In the latter study, the ETT of the tested film
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was within 20 s for all participants, whether the formulation was taken with or without water.”* It has also been found that tablet
coating, shape, and size can affect ETT. Specifically, film-coated, oval tablets (size, 5.7 % 11.5 mm; weight, 247 mg) were noted
to transit faster in the esophagus compared to uncoated, round, convex tablets (diameter, 9.5 mm; weight, 200 mg).”?

Gastric emptying time (GET) has been determined using methods such as alternate current biosusceptometry,”

9697 real-time ultrasound,”® and the appearance of drug

magnetic moment imaging (MMI),’® gamma scintigraphy,
markers in plasma.”® It has been shown that GET is affected by food, being longer in the fed state and high calorie
food.”® GET is also influenced by dosage form type, posture, and disease state.'” In a previous study, GET was estimated
to be 9 min for a solution in the fasted state and 1.52 h and 3.87 h for pellets in the fasted and fed (following a heavy
breakfast) states, respectively.97 GETs for multiparticulates have also been estimated to be 0.57 h and 2.08 h under fasted
and fed states, respectively, in healthy volunteers.” The GETs of an enteric-coated magnetic tablet and a non-
disintegrating tablet have been found to be 1.59 h and 1.49 h, respectively, by MMI, and 1.62 h and 1.52 h, respectively,
by scintigraphy.”® The double sampling technique has also been used to determine the GET of suspensions containing

100

maltodextrins and medium-chain triglycerides in different amounts to be 23.2—35.8 min,  whereas using that of a liquid

meal (orange cordial) was estimated to be 22 min using real-time ultrasound.”®
The small intestine is the main site of drug absorption because of its highly absorptive surface area. Consequently, the

residence time of dosage forms in the small intestine can greatly affect the extent of drug absorption. Techniques that have

104 105

been used to estimate SITT include direct methods such as gamma scintigraphy,'®' !> MMIL,'* radiotelemetry,

107

X-ray
imaging,'*® and alternate current biosusceptometry,” and indirect techniques such as hydrogen breath test'®” and the use of
marker compounds that are absorbed from specific sites.'”® These techniques have their own merits and disadvantages and
may yield different transit times; however, gamma scintigraphy surpasses the others because it provides real-time transit
behavior of dosage forms.® Formulations that have been evaluated in SITT determinations include pellets and tablets, and the
estimated transit times vary between 2.6 and 8 h among different individuals in fasted and fed states. However, on average,
SITT is proposed to be 3—4 h and is not generally affected by dosage form type or food. Thus, it is expected that NP
formulations would transit the small intestines within this range as well. However, the type and amount of excipient used in
a formulation can affect SITT, as has been shown for polyethylene glycol (PEG) 400'*° and oleic acid.''®

Drug absorption from the colon is incomplete and unpredictable because transit of dosage forms through this section of
the GIT is highly variable and any unabsorbed drug from the upper GI regions may be embedded in fecal matter. However,
the available data suggests that colonic transit of dosage forms is affected by feeding and the time of dosing relative to meal
intake. Other factors that can affect colonic transit of drugs are posture, dosage form size, and patient-specific
variabilities.''" It has been proposed that the mean mouth-to-cecum transit time of a 2 mm steel sphere is 13 h in the
supine position, whereas total colonic transit time (CTT) is 43.5 h in healthy individuals.''? It has also been indicated that
the CTT of pharmaceuticals can range from 2 h to 48 h, and that most people have mouth-to-anus transit times of 12—36 h,
although this can go up to several days.'” These data are clear indications of the unpredictability of the residence times of
pharmaceutical formulations in the large intestine.

The data presented above clearly show the depth of studies conducted on the GI transit of conventional dosage forms.
It is therefore important that similar studies are conducted on NPs to estimate their ETT, GET, SITT, and CTT using the
relevant techniques to appreciate how such particles travel through the GIT. This is particularly necessary as size has
been shown to affect the GI transit of dosage forms. A good understanding of the impact of the nanosize dimensions of
NPs on their movement in the GIT may help further clarify their ability to improve drug absorption among other findings.
In the absence of extensive GI residence time data for NPs, we believe that the transit behavior of lipid NPs through the
various segments of the GIT will be similar to that of a corresponding dosage form, whether a suspension or
disintegrating or non-disintegrating tablet or capsule, with similar attendant effects of food as discussed above.

Surface Modification of Lipid NPs

One of the major challenges faced during the transit of drugs in the GIT following oral administration is rapid clearance.
The GI mucus membrane is increasingly being recognized as a physiological feature that can be exploited to improve the
pharmacokinetic profile of drugs.'"> It has been shown that GI mucus, although protective and acts as a mechanical
barrier for the GIT, can also be a barrier to effective drug absorption following oral delivery. Notwithstanding this
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limitation, it can be exploited as an anchoring material to improve the intestinal residence time of drug delivery systems
such as NPs; this can be achieved by using materials that can interact with GI mucus.'"?

It has been shown that modifying the surface of oral lipid-based NPs, chiefly via coating, can result in improved
specific distribution and targeting, prevention of particle aggregation, and increased circulation time, cellular uptake,
lymphatic uptake, and bioavailability.*>!'*!'> These advantages can be realized through enhanced mucoadhesive and
mucopenetrative properties of the particles that not only prolong their transit time in the GIT but also improve their
propensity to traverse the epithelia (Figure 2). This means that the oral bioavailability of drugs encapsulated in lipid NPs

can be further enhanced by increasing the GI transit time of the particles.''

Mucoadhesion

It is often essential to maintain a fairly constant blood level in many disease conditions to ensure effective therapy.
Unfortunately, following oral drug administration, unpredictable variations in plasma drug concentration can occur that
lead to ineffective treatment due to subtherapeutic drug levels in the blood. There is therefore the need to formulate drugs
with specific characteristics to achieve therapeutic objectives after oral delivery.'"”

One key strategy by which drug release from oral dosage forms can be optimized for improved absorption in the GIT
is mucoadhesion, which is the attachment of the drug delivery system to a mucous membrane.''® The mucus layer that
lines the GIT is a viscoelastic, translucent, aqueous gel. It serves as a protective layer that shields the GI epithelium from
the effects of pathogens, toxins, and endogenous substances as hydrochloric acid, pepsin, and other digestive enzymes.'"’
Mucus is primarily composed of water and high molecular weight glycoproteins called mucins that form an entangled
network. As a result of its composition, mucus can limit the free diffusion of materials within and through it and could,
therefore, act as a barrier to drug delivery.'?’

Mucoadhesion is achieved by formulating preparations to adhere to the protective and sticky mucus lining the GI
lumen, with the aim of extending the transit times of the dosage forms in the GIT. This objective can be achieved using
positively charged materials that can adhere to the mucus layer via electrostatic binding, noting that the carbohydrate-
bound ester sulfate residues and carboxyl groups of sialic acids in mucin impart a net negative charge to the mucus
layer.'?"'?2 Additionally, thiol-functionalized hydrogels can adhere to mucin glycoproteins in GI mucus through disulfide
bonding.'?!!'#

The mucus turnover encompasses synthesis, secretion, and degradation of mucus, which are regulated to preserve
mucus function.'?* It varies in different parts of the body and may range from a few minutes to several hours but is longer in
the GIT compared to other physiological sites. In humans, the turnover time is approximately 4—6 h'** and 0.78—4.5 h'* in
rats, clearly indicating a species dependency. Other characteristics of mucus, such as composition, mesh spacing, thickness,
and viscosity, have not been exhaustively investigated, especially with respect to location, intersubject, and interspecies
variation. Therefore, studies must be directed toward unravelling these parameters, in addition to the effects of nutrition,
health, and other relevant factors on the integrity of the GI mucus.'*’

Notwithstanding these concerns and based on available data, it is possible to engineer mucoadhesive NPs to reside
within the GI surface for up to 6 h, before mucus degradation. This invariably improves NP uptake. Furthermore,

following mucus degradation, there is the possibility of re-adhesion/reattachment of loosened/freed NPs to mucus at

Mucoadhesion Mucopenetration
_— — = ——— —
+ 4
'S N ®
SIRCE Mucus layer
Epithelium
Figure 2 Mucoadhesion mechanisms underlying oral delivery of drug-loaded NPs. Created with BioRender.com.
620 https: Drug Design, Development and Therapy 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Amekyeh et al

other sites down the length of the GIT. Thus, re-attachment of NPs to GI mucus, coupled with normal transit, further
increases the propensity of NP uptake of orally administered mucoadhesive NPs.

Mucoadhesive mechanisms include adsorption, diffusion, electronic interlocking, fracture, interpenetration of poly-
mers, and wetting. The most widely accepted mechanisms are based on surface energy thermodynamics and interpene-
tration/diffusion theories (Figure 3).""® For mucoadhesion to occur, there must be intimate contact between a bioadhesive
and a membrane, either via wetting or swelling, followed by penetration of the bioadhesive into the mucus membrane,
which is termed interpenetration.'**"'?® Molecular interactions involved in mucoadhesion include hydrogen, hydropho-
bic, ionic, and van der Waals interactions.'*’

The main approach by which mucoadhesiveness can be imparted to lipid NPs is via surface modification, chiefly
through coating with mucoadhesive polymers or attaching targeting ligands on the surface of the NPs.

Surface modification of lipid NPs with mucoadhesive polymers has led to an increase in residence time in the GIT,
whereby contact of the NPs with the mucus increased the absorption of the API by passive diffusion.®® This coating approach
relies on the use of bioadhesive materials, usually polymers, that interact with mucus. Furthermore, it has been shown that
polymers that carry a positive charge density can be used as mucoadhesive agents.'**'*! These polymers undergo electrostatic
interactions with mucin, which is negatively charged, to increase the mucoadhesiveness of NPs. Thiolated polymers,
commonly called thiomers, can also form covalent disulfide bonds with cysteine moieties in mucus as a result of their
sulfhydryl groups.'*? Additionally, some mucoadhesive polymers can improve drug absorption by inhibiting efflux pumps.'*

Cellulose derivatives such as carboxymethylcellulose and hydroxypropyl cellulose and their grades may be mucoadhesive,
depending on the amount of intestinal fluid. In limited intestinal fluids, these polymers appear to adhere to mucus (apparent
mucoadhesion), whereby capillary attraction occurs between the dry water-absorbing polymer and the wet mucosal surface.
This must be distinguished from the actual interaction between a mucoadhesive polymer and mucus in equilibrium with a third
liquid phase.'**

Typical polymers used for coating lipid NPs for mucoadhesive properties include chitosan and its derivatives N-trimethyl

133 and N-carboxymethyl chitosan,'*® alginate,'*® PEG, and polyvinyl alcohol (PVA)."*” Among these polymers,

chitosan
chitosan has arguably emerged as a frontrunner, largely because it is biocompatible. There are several polymers used to
fabricate mucoadhesive NPs, with only a handful dedicated to imparting mucoadhesiveness to lipid NPs. In the following

section, we review some of the key polymers studied on lipid NPs.
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Figure 3 Interaction of mucoadhesive and mucopenetrating NPs with the mucus layer for successful oral delivery. Created with BioRender.com.
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Materials Used to Enhance Mucoadhesion of Oral Lipid NPs

Chitosan

Chitosan is a polycationic, non-toxic, biocompatible polymer that has been widely investigated and reported to manifest
excellent mucoadhesive properties.'*® It is a biodegradable polysaccharide derived via partial deacetylation of chitin, which is
the second most abundant polymer on earth after cellulose. 139 Chitosan has superior qualities over other polymers because it is
non-toxic, imparts high mucoadhesiveness, possesses antimicrobial property, and enhances oral drug absorption.'’

The mucoadhesiveness of chitosan involves hydration, hydrogen bonding, and ionic interactions, although the
primary mechanism at the molecular level is reported to be electrostatic interactions.'**'*" These interactions are
enhanced in slightly acidic to acidic media since the amine groups of chitosan are protonated in acidic pH.'*'
Additionally, high molecular weight chitosans have stronger mucoadhesive properties.'**

The mucoadhesiveness of chitosan-coated amphotericin B—loaded NLCs has been studied in vitro and ex vivo by Tan et al,
where a significant decrease in the zeta potential was observed after interaction with mucin.'** This decrease in mucoadhesion
is a result of interaction between the amine groups of chitosan and mucin as previously reported.'** The ex vivo mucoadhesive
study on excised intestine of Sprague—Dawley of uncoated and chitosan-coated amphotericin B—loaded NLCs showed that up
to 30% more of the chitosan-coated NPs than the uncoated NPs remained adhered to the intestinal tissues. In another study,
chitosan-coated amphotericin B-loaded NLCs were found to be more mucoadhesive than uncoated NLCs in an in vitro
turbidimetric study.'** Fluconazole-loaded NLCs fabricated by Elkomy et al for the management of oral candidiasis were
optimized by coating with chitosan. Mucoadhesion of the NLCs was assessed using buccal mucosal tissues isolated from
rabbits. The investigators found that the mucoadhesive force of the NLCs increased about 1.6 folds due to the chitosan
coating.'** Unfortunately, these studies did not include investigations on the uptake of the mucoadhesive NPs.

Fonte et al used confocal microscopy to study the mucoadhesive properties of oral chitosan-coated fluorescein isothio-
cyanate-insulin SLNs and found that the NPs were retained on the surface as well as within the intestinal epithelium of Wistar
rats. This indicates the mucoadhesiveness of the coated SLNs. Additionally, API bioavailability from the coated SLNs was
higher than that of the uncoated NPs, indicating an increase in systemic delivery.'*® Luo et al also found that chitosan-coated
SLNs have higher mucoadhesive property compared to uncoated SLNs in a quartz crystal microbalance test. The investigators
posited that the coating strengthened hydrogen bonds between the NPs and mucin molecules due to the hydrophilicity of
chitosan, thereby increasing mucoadhesion and uptake by Caco-2 cells.'*” Similarly, Piazzini et al performed turbidimetric
measurements via spectrophotometric evaluation at 500 nm and found that SLNs-coated chitosan increased the mucoadhesive
property and in vitro cellular uptake of the SLNs.'** Chitosan-coated SLNs fabricated by Asfour et al'*’ and Parvez et al'>°
also showed more mucoadhesiveness than the respective uncoated SLNs. SLNs coated with thiolated chitosan derivatives
showed improved mucoadhesion, being retained on porcine intestinal mucosa compared to uncoated SLNs.'*! Cellular uptake
and in vivo absorption were not investigated in these studies to assess the effects of the increased mucoadhesiveness of the
respective lipid NPs on systemic delivery.

These findings clearly indicate that chitosan coating on lipid NPs improves mucoadhesive. However, assessment of
the effect of the chitosan coating on in vivo uptake of the NPs was not conducted in most of the studies. Fonte et al
investigated the fate of the SLNs administered to Wistar rats and found that the bioavailability of insulin from the
chitosan-coated SLNs was twice as high as that from the uncoated SLNs after intragastric administration to the rats. The
authors also explained that chitosan may be involved in transient opening of tight junctions between epithelial cells that

facilitated paracellular insulin transport, further enhancing the bioavailability of insulin.'*

PEG and PVA

It has been demonstrated that charged (anionic and cationic) polymers are more mucoadhesive compared to non-ionic
polymers,'>? because non-ionic polymers rely only on weak van der Waals type interactions but not electrostatic.

PEG is a non-ionic hydrophilic polymer commonly used to formulate drug delivery systems. With respect to its use as
a surface-modifying polymer for lipid NPs, PEG is normally used to impart mucopenetrative capability to the NPs
because of a neutral surface charge dispensation that prevents the particles from remaining attached to mucus, but rather
penetrating the mucus network. PEG also enhances mucoadhesion of NPs through hydrophobic interactions, hydrogen
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bonding, and interactions with mucin via swelling, interpenetrating, and entangling with mucin fibers in mucus.'>?
Moreover, PEG can be thiolated to increase its mucoadhesion propensity. As indicated earlier, thiolated polymers can
interact with the mucus layer in the GIT and thereby adhere to the mucus.'**

The use of PEG as a mucoadhesive coating for lipid NPs is limited; however, mucoadhesiveness of docetaxel-loaded
NLCs was increased by coating with an amphiphilic thiomer obtained by conjugating cysteine to PEG 2000 monostearate
(Cy-PEG-MSA)."** Cysteine-modified (Cy-PEG-MSA-coated) drug-loaded NLCs showed significantly higher mucoad-
hesion (81.6%) compared to the unmodified (PEG-MSA-coated) drug-loaded NLCs (51.9%) in an in vitro assessment
using porcine mucin. In a subsequent in vivo assessment using male Sprague—Dawley rats, the area under the plasma
concentration—time curve (AUC) of docetaxel for the Cy-PEG-MSA-coated NLCs was 12.3-fold and 1.64-fold higher
than that for docetaxel solution and the unconjugated NLCs, respectively, following oral administration of the formula-
tions to the rats. These data clearly show an increase in systemic delivery of the mucoadhesive lipid NPs.'>*

PVA is a synthetic, uncharged, and hydrophilic polymer obtained from partial or full hydrolysis of polyvinyl
acetate.'>® In a study conducted by Chanburee and Tiyaboonchai, curcumin loaded NLCs coated with PEG or PVA
were found to be more mucoadhesive to porcine mucus than uncoated NLCs. Interestingly, in the same study, the
PEG400- and PVA-coated NLCs were more mucoadhesive than chitosan-coated NLCs. Furthermore, the extent of
mucoadhesion from uncoated and chitosan-coated NLCs was comparable, albeit a slightly higher mucoadhesiveness
from chitosan-coated NLCs in the first 2 h. The lower mucoadhesiveness from chitosan-coated NLCs was attributed to
the larger size (1.9—-2.1) than the PEG400- and PVA-coated NLCs. The investigation was conducted in pH 6.8 medium,
where chitosan becomes unprotonated and therefore unable to electrostatically interact with mucin.'>” We may conclude

that NP size and pH contribute to the mucoadhesive behaviors of polymers.

Alginate

Alginate is a linear and water-soluble polysaccharide composed of alternating blocks of 1-4 linked a-L-guluronic and -
D-mannuronic acid residues, usually extracted from brown seaweed. It is a biocompatible and anionic with charged
carboxyl end groups, which imparts the mucoadhesive characteristics.'* The extent of ionization of the charged groups
is influenced by the ionic strength of the surrounding medium.'*® Nonetheless, alginate has a very high mucoadhesive
propensity compared to several polymers used in drug delivery.'>” Unfortunately, there are limited reports on the use of

alginate as a surface-modifying agent to impart mucoadhesiveness to lipid NPs.'®

Mucopenetration
The thicknesses of the mucus lining the stomach, small intestine, ileum, and colon are 30-300, 150—400, 400-500, and

159160 which is clearly variable across the GIT. The variability in thickness across the

30-700 pm, respectively,
gastrointestinal tract suggests that NPs of different sizes administered orally will reach epithelium at different times.
Additionally, the spacing within the mesh-like structure of mucus as well as the brush-like structure of mucus cause it to
filter off large particles.>"'®"'%> The mesh has average pore openings in the order of 200 nm; therefore, particles with
size a size below 200 nm preferentially traverse.'®® However, polymeric NPs up to 500 nm can rapidly traverse human
mucus when coated with a muco-inert polymer since such polymers do not sufficiently interact with the mucus.'®*
Furthermore, there are concerns about mucus turnover, which can clear potentially mucoadhesive NPs within the mucosa.
Thus, in addition to mucoadhesion, mucopenetration is equally important in ensuring that coated lipid NPs have the
ability to traverse across the mucosa, and withstand turnover.'**

Orally administered mucoadhesive adheres to the luminal mucus layer (LML) of the GIT, which is cleared more quickly
than the adherent mucus layer (AML), underlining the LML and in direct contact with epithelium. In contrast, mucopene-
trative NPs can readily traverse the LML into the AML, where they are retained even after clearance of the LML. Thus, a more
enhanced absorption is observed from mucopenetrative compared to conventional mucoadhesive NPs.'**

Although it has been shown that mucopenetration is size-dependent, surface characteristics are more consequential on
mucopenetration.'® As previously indicated, mucoadhesion of lipid NPs is achieved mainly when the particles carry
a positive charge and adhere to the mucus via electrostatic binding. This suggests that negatively charged or neutral NPs

will undergo limited mucoadhesion to or entrapment in GI mucus.'®® However, it has been noted that surface coatings
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comprising neutral or hydrophilic polymers confer increased mucopenetrative characteristics to particle formulations by
overcoming the barrier properties of GI mucus.®¢

As previously stated, mucin is negatively charged, so oral lipid NPs with mucopenetrative properties can be
formulated to have a net-neutral charge and thus undergo limited entrapment in GI mucus. Alternatively, the particles
can be fabricated to have a charge-shifting ability to overcome endo/transcytosis of negatively charged particles.'¢®'¢”
Net-neutral SLNs undergo faster and higher oral absorption in mice compared to similarly prepared anionic and cationic
SLNG, attributable to mucopenetration in mucus-secreting HT29-MTX cells due to net-neutral charge on SLNs.'®® Non-
interacting polymers can also be used to evade electrostatic interactions with GI mucus. Mucolytic drug delivery systems
disrupt the mucus meshwork and hence are able to penetrate GI mucus into the underlying epithelium;'®®'®” however,

the disintegration of mucus can result in a break in the protective barrier and may therefore not be ideal.'®’

Materials Used to Enhance Mucopenetration of Oral Lipid NPs
PEGylation of NPs can produce smaller particles with a less negative surface charge that reduces hydrophobic or electrostatic
interactions with mucus to encourage mucopenetration.'’®!”! Therefore, PEGs, low molecular weights (ie, 2-5 kDa)
analogues, can be used to prepare mucopenetrative NPs because they impose a neutral surface charge on NPs and prevent
static mucoadhesion.'>* Doxorubicin-loaded PEGylated SLNs were found to have two-fold higher bioavailability compared
to the unPEGylated SLNSs, attributed to the above phenomenon. The SLNs permeated through mucus-secreting Caco-2/HT29
coculture cell monolayers better when they were PEGylated, indicating an enhanced mucus-penetrating ability. Additionally,
PEGylated SLNs diffused through the mucus barriers of the gut sac models used, whereas unmodified SLNs were trapped.
These findings indicate the ability of PEG to improve mucopenetration and perhaps systemic API delivery via lipid NPs.'"”
Other materials proposed as alternatives to PEG to enhance mucopenetration of NPs include poly(2-alkyl-2-oxazo-
lines), polysarcosine, poly(vinyl alcohol), hydroxyl-containing non-ionic water-soluble polymers, and zwitterionic poly-
mers (polybetaines).'”> Unfortunately, there are limited published findings on the ability of these materials to actually
exert a mucopenetrative effect on oral lipid NPs, which creates an avenue for more research to be conducted in this area.

Conclusions

Oral administration of therapeutics remains the mainstay option for systemic delivery of drugs. In the event of rate-
limiting factors in GIT absorption of APIs, formulation interventions must be implemented aimed at exploiting biological
features within the GIT or utilizing formulation approaches that surmount rate-limiting factors to absorption. Recent
innovations aimed at improving the oral absorption of poorly absorbed APIs are almost exclusively limited to lipid NPs,
whereby mucoadhesive and mucopenetrative properties of lipid NPs provide scope for enhanced systemic deployment of
APIs. Moreover, oral administration of lipid NPs provides a conduit for bypassing the liver to reach systemic circulation,
which further improves drug absorption. This review captures recent and key approaches in lipid NP formulation for oral
delivery of APIs for researchers to align their efforts towards improved systemic delivery of APIs with low solubility.
The impact of increased mucoadhesiveness or mucus-penetrative propensity of lipid NPs on cellular uptake requires
much attention. Through this approach, there is potential for oral delivery of vaccines, peptides, and GIT labile APIs.
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