
Formulation Strategies to Improve Pharmacokinetics Profile | Encyclopedia.pub

https://encyclopedia.pub/entry/26524 1/18

Formulation Strategies to Improve
Pharmacokinetics Profile
Subjects: Pharmacology & Pharmacy

Contributor: Maisarah Azman , Akmal H. Sabri , Qonita Kurnia Anjani , Mohd Faiz Mustaffa , Khuriah Abdul Hamid

The oral route is the most common and practical means of drug administration, particularly from a patient’s

perspective. However, the pharmacokinetic profile of oral drugs depends on the rate of drug absorption through the

intestinal wall before entering the systemic circulation. However, the enteric epithelium represents one of the major

limiting steps for drug absorption, due to the presence of efflux transporters on the intestinal membrane, mucous

layer, enzymatic degradation, and the existence of tight junctions along the intestinal linings. These challenges are

more noticeable for hydrophilic drugs, high molecular weight drugs, and drugs that are substrates of the efflux

transporters. Another challenge faced by oral drug delivery is the presence of first-pass hepatic metabolism that

can result in reduced drug bioavailability. Over the years, a wide range of compounds have been investigated for

their permeation-enhancing effect in order to circumvent these challenges. There is also a growing interest in

developing nanocarrier-based formulation strategies to enhance the drug absorption.

absorption enhancers  intestinal absorption  oral delivery  pharmacokinetic profile

nanocarriers

1. Current Absorption Enhancers and Their Absorption-
Enhancing Mechanisms to Improve the Pharmacokinetic
Profile

1.1. Solubilizing Agents

The application of solubilizing agents is one of the most common strategies to enhance the water solubility of orally

administered drugs in an attempt to enhance the oral bioavailability of the delivered therapeutic compound.

Solubilizing agents lead to the formation of fine dispersions of the lipid-solubilized drugs in the aqueous milieu of

the gastrointestinal tract through the process of self-emulsification . One of the classes of solubilizing agents are

surfactants, which display amphiphilic properties. The surfactants are generally incorporated into emulsions and

suspensions, due to their ability to reduce interfacial surface tension and leading to the production of a stable

colloidal formulation. Its role as an absorption enhancer is contributed by its interaction with the plasma membrane,

either by disrupting the barrier function of the epithelial cells or the sequestration of proteins . In general, non-

ionic surfactants are more favorable than ionic surfactant, as this sub-class of surfactants displays better safety

profiles while only inducing a reversible modulation in the intestinal mucosal permeability .
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One of the surfactants that have been studied as an absorption enhancer is sucrose laurate. Aside from its non-

ionic characteristics, it has a low critical micelle concentration (CMC), which allows it to reduce the interfacial

surface tension at a low concentration . This makes it more potent than sodium caprate (C10) and sodium salt of

lauric acid (C12), which have a much higher CMC thus necessitating a higher concentration of the surfactant in

order to elicit a similar effect. In a study by McCartney et al., the group observed an increase in the P  of [ C]-

mannitol in the presence of sucrose laureate in a concentration-dependent manner in both in vitro and ex vivo

studies . This is supported by another study by Maher et al. that also reported an improvement in the mannitol

permeability in the presence of sucrose laurate across isolated rat colonic mucosa . Based on an in vivo study,

sucrose laurate successfully improved the delivery of insulin at concentrations of 50 and 100 mM across rat

jejunum and colon, resulting in the reduction in the blood glucose level. The absorption-enhancing action of this

surfactant has been observed to affect the transcellular pathway. This result is associated with the ability of sucrose

laurate to decrease the mitochondrial membrane potential while simultaneously increasing plasma membrane

potential as well as altering the expression of the tight junctions protein, ZO-1 . In addition, the surfactant is

capable of fluidizing the plasma membrane while altering the efflux transporters’ activity that culminates in an

increase in the substrate permeability across the membrane. Such an effect is site-dependent, with sucrose laurate

having a more pronounced effect along the colon than the jejunum . This effect on the membrane permeability by

sucrose laurate along this region is also postulated to act in synergy with the high exposure of bile salts within the

jejunum, which could improve drug solubility in the lumen. Aside from that, the lower peptidase level and longer

residence time in the colon may, in tandem, reduce the drug degradation and improve the degree of absorption .

Another solubilizing agent that is frequently employed in drug delivery is cyclodextrins (CD). CDs are cyclic

oligosaccharides with a hydrophobic center that enables the entrapment of drug molecules, as illustrated in Figure

1. Through encapsulating the hydrophobic drugs’ molecules inside the annulus, the cyclodextrins form an inclusion

complex with the drug. This complex formation improves the drug solubility and aids the diffusion of the drug

molecules across the unstirred water layer to reach the apical membrane of the enterocytes. In addition, this

inclusion complex also improves drug permeability across the enterocytes, leading to improved oral bioavailability

and pharmacokinetic profile .
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Figure 1. Mechanism for cyclodextrin-enhanced solubility of poorly soluble drugs through entrapment and complex

formation with the drug molecule.

The permeation-enhancing ability of cyclodextrin is also attributed to the ability of the cyclic oligosaccharide to

extract the membrane proteins and phospholipids from the apical membrane, leading to enhanced membrane

fluidization . In addition, the formation of the cyclodextrin drug complex is also capable of widening the tight

junctions along the gastrointestinal tract, leading to enhanced paracellular transport . The formation of an

inclusion complex allows the ‘guest’ molecule to be transported in the aqueous milieu of the gastrointestinal lumen,

as the complex formation enhances the wettability, solubility, and dissolution rate of the drug while simultaneously

improving drug stability, and permeability across the gastric mucosa . Subsequently, this allows the inclusion

complex to be transported across the lipophilic cell membranes. The CDs managed to enhance the oral absorption

of BCS Class II drugs, such as carbamazepine and albendazole, which are characterized by low aqueous

solubility, thus leading to improved oral bioavailability . In a study by Rubim et al. (2017), such enhanced oral

absorption and the bioavailability of the delivered amiodarone hydrochloride was attributed to the increase in the

drug solubility when formulated with methyl-β-CD . In another study by Devasari et al. (2015), erlotinib (ERL)

was formulated with sulfobutyl ether beta-cyclodextrin, leading to the formation of drug-CD complex (ERL-SBE-β-

CD) that enhanced the drug solubility by 7.4-fold . In comparison to the free drug, the complex also showed a

5.4-fold decrease in T , with a 3.2-fold increase in C  when evaluated in vivo in Sprague Dawley rats, which

was attributed to the enhanced dissolution of the drug.
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1.2. Bile Salts

Bile salts are endogenous compounds that are present in the small intestine, with concentrations ranging from 8

mM and 18 mM in the fasted and fed state, respectively . These compounds consist of taurine and glycine

conjugates of chenodeoxycholic acid and cholic acid. The bile salts are categorized based on the extent of their

hydroxylation and conjugation with amino acids. The classifications consist of dihydroxy conjugates

(taurodeoxycholate and taurochenodeoxycholate), trihydroxy conjugates (glycocholate and taurocholate), and

unconjugated forms (cholate and chenodeoxycholate) . About 60% of the bile salts present within the

gastrointestinal tract are dihydroxy conjugates. Through micellar solubilization, the bile salts play a major role in

facilitating the digestion of dietary lipids via emulsification, lipolysis, and ultimately the transportation of the lipid

products across the gut epithelium during absorption . Should the bile salts escape active reabsorption within

the ileum, the intestinal flora will metabolize them into secondary bile salts; lithocholic acid and deoxycholic acid.

From a drug delivery perspective, the bile salts are capable of enhancing gastrointestinal absorption and ultimately

oral bioavailability through several mechanisms, which include-solubilization of the poorly soluble drug through

micellar solubilization, enhancing the chemical stability of the delivered therapeutic, increasing the membrane

fluidity along the epithelial cells that line the gastrointestinal tract, the opening of tight junctions, membranolysis of

the epithelial membrane, as well as modulating the function of the transport proteins along the gut epithelium 

. Another mechanism for the absorption-enhancing effect of bile salts is the ability of the compound to reduce

the viscosity and elasticity of the mucus layer, which in turn enhances the diffusion rate of the molecule across the

mucus layer to the gut epithelium for intestinal absorption . Another study also found that the bile salts, such as

sodium glycocholate, have an inhibitory effect on peptidases through ionic and hydrophobic interactions. This

confers protection to the peptides and proteins, such as insulin from proteolytic degradation when the bile salts are

co-administered orally .

Studies investigating the effect of utilizing bile salts as a strategy to enhance drug permeability are summarized in

Table 1. Berberine chloride was one of the drugs which had shown an increase in the area under the curve (AUC)

through co-administration with sodium deoxycholate in vivo. The investigator discovered that the co-administration

of berberine chloride with sodium deoxycholate resulted in a 35.2-fold increase in the plasma concentration of the

drug when compared to the control group that received berberine in the absence of the bile salts . In another

study, a microcapsule containing taurocholic acid was shown to assist the absorption of gliclazide in diabetic Wistar

rats through a targeted release mechanism at pH 7.8 at which the gliclazide solubility improved from approximately

10 µg/mL (without taurocholic acid) to 40 µg/mL after 3 h post-administration, thus producing a better hypoglycemic

effect .

Another derivative of bile salts, sodium taurocholate (10 and 20 mmol/L), increased the permeability of cefquinome

from 0.26 ± 0.04 µg/mL to 0.57 ± 0.03 µg/mL and 0.78 ± 0.07 µg/mL, respectively, when evaluated in vivo in rats. It

was concluded that the enhancement of the drug absorption was through the modulation of the tight junctions,

leading to enhanced paracellular transport . Meanwhile, Moghimipour et al. reported that sodium glycocholate

was a better absorption enhancer than sodium taurodeoxycholate, although not statistically significant, for the

molecule 5(6)-carboxyfluorescein. In the presence of sodium glycocholate, 12 µg/mL of the dye was able to
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permeate across the Caco-2 cell lines, while only 10 µg/mL of the compound was able to permeate when co-

administered with sodium taurodeoxycholate . Taurodeoxycholic acid (TDCA) is a secondary bile acid, a product

of the primary bile acid metabolism in the intestine. A recent study showed that TDCA effectively increased the

permeation of EGFR2R-lytic hybrid peptide (epidermal growth factor receptor-binding peptide conjugated with lytic

peptide) by the formation of a peptide/bile acid complex, compared to the administration of the peptide alone. The

formation of the complex facilitated the widening of the tight junctions along the intestinal epithelium that led to

enhanced intestinal absorption . The mechanism for the enhancement in intestinal absorption was evidenced by

the ability of the peptide to reduce TEER across Caco-2 monolayers when evaluated in vitro.

Table 1. Summary of studies investigating the effect of bile salts on the intestinal permeability and oral

pharmacokinetic parameters of drugs.

1.3. Chitosan

Chitosan is a hydrophilic polysaccharide derived from chitin via N-deacetylation . This biopolymer consists of N-

acetyl-d-glucosamine and β-(1–4)-linked d-glucosamine. Due to its biodegradable and biocompatible

characteristics, it is extensively used as an excipient either as a tablet disintegrant, release modifier, or even just as

a filler. The characteristic of chitosan which is identified to be crucial in exhibiting its permeation-enhancing effect is

its mucoadhesive properties. This property is attributed to its positive charge that interacts with the negatively

charged glycocalyx of the microvilli along the small intestines , resulting in the redistribution of F-actin in the

[21]

[22]

Drug (s) Absorption Enhancer Model Results Ref.

5(6)-
carboxyfluorescein

Sodium glycocholate
(SGC) and sodium
taurodeoxycholate (STDC)

In vitro:
Caco-2
cell

SGC was a slightly better absorption
enhancer for the 5(6)-
carboxyfluorescein than STDC but
not significant (p > 0.05).

Cefquinome Sodium taurocholate

In vitro:
Caco-2
cell

At 2 mmol/L sodium taurocholate,
the transportation of cefquinome
substantially increased.

In vivo: rat
intestine

At 10 and 20 mmol/L sodium
taurocholate, the absorption of the
drug increased in a concentration-
dependent manner.

Berberine chloride Sodium deoxycholate
In vivo: rat
intestine

AUC : 35.3-fold increase

Gliclazide Taurocholic acid
In vivo: rat
intestine

The microcapsules containing
taurocholic acid increased the
gliclazide absorption (p < 0.01).

EGFR2R-lytic hybrid
peptide

Sodium taurodeoxycholate
In vitro:
Caco-2
cell

P : 5.0-fold increase
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cytoskeleton and the translocation of the tight junctions’ components, ZO-1, and the occludin proteins. This further

enables the widening of the tight junctions for the paracellular transport of solutes across the gastrointestinal tract

.

The mucoadhesive properties help the drug to adhere to the mucosal surface of the gastrointestinal tract for a

prolonged period of time . This increases the residence time of the drugs in the small intestine, which in turn

leads to greater drug absorption. Indeed, the permeation-enhancing effect is more pronounced when the grade of

chitosan used is of a higher molecular weight, which leads to enhanced permeation rates. The permeation rate and

P  value of salvianolic acid B were found to be at a maximum when co-delivered with chitosan displaying a

molecular weight of 100 kDa. However, with a decreasing molecular weight, the researchers also observed a

decline in the permeation rate of salvianolic acid B . It was proposed that the chitosan, which exhibits a positive

surface charge, forms ionic interactions with the negatively charged glycocalyx groups, resulting in the reversibility

of the opening tight junctions, which could improve the paracellular drug transport. Another factor that affects the

permeation-enhancing effect of chitosan is the degree of deacetylation. Should the grade of chitosan possess a

degree of deacetylation that is greater than 80%, the biopolymer was found to exhibit a greater degree of muco-

adhesion . It was also discovered that chitosan with a high degree of deacetylation displayed good permeation-

enhancing properties at both low and high molecular weights. In contrast, chitosan with a low degree of

deacetylation was only effective in enhancing the absorption of the drug molecules across the gastrointestinal tract

at higher molecular weights .

The studies on the role of chitosan as a permeation enhancer are summarized in Table 2. Indeed, some of these

results contradict one another; this may be attributed to the different types of intestinal permeability models, the

physiological state of the intestinal tissue, and the species used. In addition, the grade of chitosan used may also

contribute to such discrepancies in the results. Due to chitosan having an overall pKa 6.5, its absorption-enhancing

effects are typically apparent at a pH below 6.5, during which the biopolymer is in a protonated state. This

characteristic implies that its absorption-enhancing effects can only be exerted in a limited area along the

gastrointestinal tract, as the pH along the intestines may fluctuate to a pH above 6.5 in some parts . Acyclovir

was one of the compounds that did not show an improvement in its permeation following co-administration with

chitosan. This was due to the interaction between the chitosan and the mucus layers on the intestinal membrane,

which altered the reactivity of the chitosan. This caused the biopolymer to have a minimal impact on the Caco-2

monolayer integrity, leading to no enhancement in the absorption of acyclovir . This was further corroborated by

a recent study that concluded that the absorption-enhancing effect of chitosan was drug-dependent, with acyclovir

displaying unfavorable enhancement of absorption in the presence of chitosan . On the other hand, there are

studies that highlighted drugs that displayed an enhanced absorption with the aid of chitosan, and these include

molecules such as buserelin, [ C] mannitol, and dextran .

The role of chitosan as an absorption enhancer in its salt form was also investigated. Chitosan hydrochloride did

not exhibit the same permeability-enhancing effect as the non-salt variant of chitosan. Interestingly, the salt form of

chitosan resulted in a decreased C  and AUC  of berberine . This result was attributed to the change in

the berberine solubility in the presence of chloride ions, when the drug was co-administered with chitosan
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hydrochloride. This was explained by the common ion effect in which the chloride ion pairs up and reduces the

overall net charge of the berberine. In contrast, trimethyl chitosan was reported as a good absorption enhancer,

due to its increased ability to transiently open the tight junctions compared to normal unmodified chitosan .

Indeed, it can be seen that chitosan does, to some extent, display good permeation-enhancing properties.

Nevertheless, this permeation-enhancing effect is dependent on multiple factors, such as the weight and charge of

the biopolymer. A considerable body of work has made strides in understanding the permeation-enhancing effect at

a molecular and cellular level. Nevertheless, it can be seen that, indeed, further work is still pivotal to fully

understanding and appreciating the mechanisms behind the permeation-enhancing effect of chitosan before this

biopolymer can utilized extensively as an excipient for oral drug delivery.

Table 2. Summary of studies investigating the effect of chitosan and its derivatives on the intestinal permeability

and oral pharmacokinetic parameters of drugs.

[35]

Drug (s) Absorption
Enhancer Model Results Ref.

Acyclovir Chitosan

In vitro: Caco-2
cell

P : 124- and 143-fold increase

In vivo: rat
intestine

AUC  and AUC : 0.70- and
0.74-fold decrease
C : 0.56- and 0.63-fold decrease
T : 1.25- and 1.50-fold increase

In vitro: Ussing
chamber

P : 1.08- and 2.33-fold increase

Glucosamine
hydrochloride

Chitosan

In vitro: Caco-2
cell

P : 1.9, 2.5 and 4.0-fold increase

In vivo: rat
intestine

C : 2.8-fold increase
T : no change
AUC : 2.5-fold increase

Salvianolic acid B Chitosan

In vitro: Caco-2
cell

P : 4.43-fold increase

In vivo: rat
intestine

AUC : 4.25-fold increase

Berberine

Chitosan
hydrochloride

In vivo: rat
intestine

AUC : no improvement
C : no improvement

Chitosan
In vivo: rat
intestine

AUC : maximum 2.5-fold
increase

Amphotericin B Trimethyl chitosan
In vitro: Caco-2
cell

P : 1.11-fold increase
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2. Formulation Strategies to Improve Pharmacokinetics
Profile

2.1. Solid Lipid Nanoparticles (SLN)

Solid lipid nanoparticles (SLN) have garnered great interest in their ability to improve the oral absorption of poorly

soluble drugs. They are a colloidal system derived from a matrix of lipids that retains their solid state at a

temperature below 140 °C with sizes ranging from 50 to 1000 nm and able to disperse in an aqueous medium with

the aid of surfactants .

Some of the advantages of employing SLN as a drug delivery system for oral administration include mitigating the

degradation of entrapped drugs, as well as providing some control over the rate of drug release. Another

advantage of utilizing this formulation approach is the ability to avoid hepatic first-pass metabolism through the

intestinal lymphatic uptake. This is because the lipophilic nature of the SLN causes the nanocarrier to drain into the

thoracic lymph before entering the systemic circulation near the left subclavian vein, thus circumventing the hepatic

first-pass metabolism . One of the reasons for the absorption-enhancing ability conferred by SLN is attributed

to the interaction of the P-gp efflux pump, which causes the substrate to be unavailable for transport. This was

confirmed by Garg et al. (2016), who discovered that by formulating lumefantrine as the SLN, they were able to

enhance the oral bioavailability of the drug, which is a substrate for P-gp, by 2.7-fold relative to when the

lumefantrine was delivered in 0.25% w/v Na CMC suspension by oral gavage. The SLN used consisted of a binary

lipid mixture of stearic acid and caprylic acid stabilized with the non-ionic surfactant, D-alpha tocopheryl

polyethylene glycol 1000 succinate (TPGS) and formulated Poloxamer 188 . Another advantage of formulating

poorly soluble drugs by using SLN is the ability of the nanocarrier to increase the dissolution rate of the drug within

the gastric lumina, thus generating a concentration gradient to promote absorption across the gastrointestinal

membrane. Such an enhanced dissolution rate is attributed to the submicron size of the SLN, which provide a large

surface area for drug dissolution .

Valdes et al. reported that the bioavailability of 4-(N)-docosahexaenoyl 2′, 2′-difluorodeoxycytidine (DHA-dFdC)

improved from 113.55 μg•h/mL to 143.44 μg•h/mL when delivered as a SLN formulation. A conclusion on the exact

absorption-enhancing mechanism was not fully elucidated, yet the researchers have proposed a few hypotheses

for the absorption-enhancing effect observed. Firstly, the SLN may be absorbed through the microfold cells in the

Peyer’s patches, leading to the migration of the nanocarrier into the lymphatic system thus obviating the first-pass

metabolism and leading to enhanced bioavailability. Secondly, the authors also proposed that the SLN release

lipids upon digestion that alter the gastrointestinal fluid media, that then lead to the enhanced solubility and

dissolution of the DHA-dFdC, leading to improved absorption. In addition, it was postulated that the SLN provided a

barrier that prevented the drug from being susceptible to enzymatic degradation along the gastrointestinal tract

compared to the DHA-dFdC alone, thus enabling the absorption of the intact drug across the intestinal walls .

The enhanced stability of the delivered payload when formulated as a SLN was supported by the findings of Ansari

et al., that showed that approximately 61.6% and 92.9% of insulin in a SLN formulation remained at 1 h when

incubated with pepsin and trypsin, respectively, in comparison to the free insulin solution (45% in pepsin and 53%

[37][38]
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in trypsin) . These results demonstrated the capability of SLNs in conferring protection on the delivered payload

during transit and absorption through the gastrointestinal tract.

2.2. Dimers

A dendrimer is a synthetic polymer with a highly branched amidoamine structure and an ethylenediamine core .

The repeated branching results in the dendrimer having a hollow interior and a dense exterior surface . It also

has a nanosized and spherical structure. Drugs may be bound to the polymer surface or loaded into the central

core, depending on the physicochemical properties of the drug.

Several generations of poly amido amine (PAMAM) dendrimers have been investigated in order to understand their

absorption-enhancing effect on the drugs with poor permeability across the intestinal layer. The summary of these

studies is shown in Table 3. Yan et al. investigated the effects of an acetylated G2 PAMAM dendrimer on the

intestinal absorption of poorly absorbable water-soluble drugs, using an in situ closed-loop method in rats . The

acetylated G2 PAMAM was synthesized by reacting with acetic anhydride with G2 PAMAM to produce a primary

amine-acetylated G2 PAMAM dendrimer (Ac-G2), in which the primary amine group on the dendrimer surface was

converted to acetamide. Among the various acetylation levels, Ac50-G2 displayed the greatest absorption-

enhancing effect on the permeation of the fluorescein isothiocyanate-labelled dextrans (FD4), 5(6)-

carboxyfluorescein (CF), and alendronate. However, the same result was not observed for the macromolecular

drug, FD10. The possible reason for such an observation may be attributed to the effect of the PAMAM dendrimers

on loosening the tight junctions along the gastrointestinal tract. Although the dendrimer may loosen the tight

junctions and enable the permeation of fluorescein isothiocyanate-labelled dextrans (FD4), 5(6)-carboxyfluorescein

(CF), and alendronate, the size of the pores formed were insufficient to allow the paracellular transport of the

macromolecular drug, FD10. It was also discovered that different generations of dendrimers had differing effects on

the absorption-enhancing effects, with G2- and G3-acetylated PAMAM dendrimers being more effective than G0-

and G1-acetylated PAMAM dendrimers. Yan and co-workers also highlighted that the dendrimer was shown to be

safe and did not result in any observable damage to the intestinal lining following intestinal administration, when

the concentrations of acetylated PAMAM used were below 0.50 w/w.

Table 3. Summary of studies investigating the effect of dendrimers on the intestinal permeability and oral

pharmacokinetic parameters of drugs.

[42]

[43]

[44]

[45]

Drug (s) Model Results Ref.

5(6)-carboxyfluorescein (CF), fluorescein
isothiocyanate-labeled dextrans (FD4, FD10) and
alendronate

In vitro: diffusion
chamber

P : increased except for
FD10.

In vivo: rat
intestine

The greatest AUC achieved in
the presence of Ac50-G2
(0.5%, w/v).

Camptothecin In vivo: rat
intestine

AUC: 2- to 3-fold increase
C : increased

app
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A study by Qi et al. (2015) supported tight junction modulation as one of the absorption-enhancing mechanisms of

dendrimers. The investigators discovered that, under their experimental conditions, simvastatin showed an

improved water solubility as well as increased oral bioavailability when the drug was delivered as a molecular

complex with PAMAM (G5-NH ). The increase in the absorption of simvastatin when delivered as a complex with

PAMAM (G5-NH ) is attributed to the interruption of the occludin-1, which further enlarged the tight junctions to

allow a greater entry of the simvastatin-PAMAM complexes across the gut epithelial. This enhancement in

absorption is further promoted by the enhanced solubilization of simvastatin coupled with the inhibition of P-gp by

the dendrimer . However, Sadekar et al. suggest that this mechanism may not be prominent in enhancing the

oral absorption in mice, to which they deduced that the variables in present within in vivo gastrointestinal system

such as intestinal fluid dilution, gastrointestinal transit and mucosal barrier might reduce the effective concentration

of the dendrimer and incubation time, which may result in the dendrimer being ineffective in modulating the tight

junctions .

The surface charge of a dendrimer may also play a role in influencing the efficiency of the dendrimer as a

permeation enhancer. Sadekar et al. discovered that PAMAM G4.0, which is a cationic dendrimer, and G3.5, which

is an anionic dendrimer, were equally effective in enhancing the absorption of camptothecin in vivo, using a female

CD-1 mice model. Both caused an approximate two- to three-fold oral absorption enhancement of camptothecin in

vivo at 2 h, as compared to camptothecin alone. They attributed the findings to several reasons, which are an

increased transcellular uptake of the PAMAM-associated camptothecin via the endocytic mechanisms or the

enhanced solubilization of PAMAM-associated camptothecin in simulated gastric fluid. However, the researchers

discovered that the drug was associated more with the cationic dendrimer, PAMAM G4.0 (80%), than with its

anionic counterpart, PAMAM G3.5 (20–30%). This was attributed to the drug being negatively charged, at the pH at

which the formulation was prepared, leading to strong electrostatic interaction with the cationic surface of the G4.0

PAMAM dendrimer .

Besides that, the charge of the PAMAM dendrimers may play a pivotal role in the adsorptive capacity of the

dendrimer with the gastrointestinal lining, due to the interaction of its positive charge of the G4.0 dendrimer surface

with negative-charged components of the intestine membrane. This may lead to the adhesion of the

Drug (s) Model Results Ref.
T : no change

Simvastatin

In vivo: rat
intestine

AUC: increased
C : increased
T : 1.5-fold increase

In vitro: Caco-2
cell

P : increased

Propranolol

In vitro Release
Study (dialysis
sac)

P : increased

In vitro: Caco-2
cell

AUC: increased

max

max

max [47]
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gastrointestinal wall, thus promoting the residence time of the drug along the gastrointestinal lining leading to

enhanced intestinal permeability of anionic drugs. Another study by D’Emanuele et al. emphasized propranolol-

lauroyl-G3 dendrimer conjugates’ capacity to enhance the propranolol permeation by approximately 3.5 times that

of propranolol alone, through the inhibition of the P-gp efflux and endocytosis-mediated transepithelial transport

.

2.3. Nanoemulsions

Nanoemulsions are translucent or transparent water-in-oil (w/o) or oil-in-water (o/w) droplets  that are

thermodynamically stable nanoformulations prepared from a mixture of water, oil, and surfactants, co-surfactants in

an aqueous phase with droplet sizes ranging 1 to 200 nm . The addition of a co-surfactant improves the

emulsion stability by increasing the fluidity, as well as by a disordering effect on the surfactant film  that

increases the drug loading and the formation of an extemporaneous nanoemulsion . The diameter of the oil

droplets is usually in the range 50–200 nm, as compared to conventional emulsions which have the size range

from 1 to 100 µM . The use of a pseudo-ternary phase diagram aids in the identification of the optimum

composition of water, oil, and surfactant that results in the formation of a nanoemulsion region via the titration

method. Nanoemulsions are widely used due to their advantages that include the protection of therapeutics against

chemical and enzymatic degradation, high solubilization capacity, improved drug absorption , rapid onset of

C , ease of fabrication, as well as the facile scale-up of the manufacturing process . In addition, the

enhanced colloidal stability conferred by a nanoemulsion mitigates the propensity of the formulation to coalesce

and flocculate over a long storage period .

A number of studies have investigated the viability of utilizing nanoemulsion in facilitating the transport of various

drugs across the gut epithelium. The summary of these studies is shown in Table 4. Gao et al. (2011) designed a

candesartan cilexetil-loaded nanoemulsion (CCN), which was composed of candesartan–cilexetil, soybean oil,

Solutol HS-15, and Tween 80 (1:6:10:20, w/w). The investigators found that there was a significant increase in the

CCN permeability by 1.75-fold in the duodenum, 1.93-fold (jejunum), and 1.84-fold (ileum) using an in situ single-

pass intestinal perfusion model relative to the conventional candesartan–cilexetil suspension . The group

conducted a pharmacokinetic study that highlighted the differences between the nanoemulsion and suspension,

which reported a 27-fold increase in the C  of candesartan upon oral administration of the CCN compared to the

free candesartan–cilexetil suspension at 0.59 h. The underlying mechanism for the reported 27-fold increase in the

C  of the candesartan was due to the ability of the nanoemulsion to be readily internalized by the enterocytes via

clathrin-mediated endocytosis relative to the candesartan–cilexetil suspension. This then leads to the enhanced

formation of intestinal chylomicron within the enterocytes for subsequent lymphatic transport into the systemic

circulation. In addition, the nanosize droplets of the emulsion also provide a high surface area to volume ratio for

the droplets to interact with the apical membrane of the enterocytes, thus increasing the uptake of the nanodroplets

by the enterocytes .

Table 4. Summary of studies investigating the effect of nano-emulsions on the intestinal permeability and oral

pharmacokinetic parameters of drugs.
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Li et al. (2015) investigated the effectiveness of the nanoemulsion as a nanocarrier for the delivery of curcumin.

The group formulated curcumin into a nanoemulsion that was stabilized by whey protein isolate as an emulsifier.

The nanoemulsion displayed an average particle size of 208 nm and enhanced the solubility and stability of

curcumin against pepsin-induced proteolytic degradation while resulting in enhanced permeation across the Caco-

2 cell monolayers by two-fold relative to the unformulated curcumin. The authors attributed the enhanced

permeation across the cell monolayers as being due to two possible mechanisms . The first one was through the

digestion–absorption pathway, which was regarded to be the major permeation mechanism. The digestion of the

nanoemulsion by trypsin and lipase led to the release of curcumin, allowing it to be absorbed across the intestinal

membrane. This is because the nanoemulsion was found to be sensitive to trypsin but not to pepsin. The other one

was the direct diffusion pathway, that does not involve digestion. The nanosized droplets made it easier for the

system to diffuse directly across the small intestinal layer. In the same study, the investigators compared the

Drug (s) Model Results Ref.

Paeonol

In situ: single-pass intestine
perfusion

P : 1.64-fold increase
K : 0.65-fold increase

In vitro: everted gut sacs P : increased (p < 0.01)

In vitro: Caco-2 cell P : increased

In vivo: rat intestinal uptake
AUC : 4.27-fold increase
C : 4.02-fold increase
T : 40-min increase

Berberine
hydrochloride

In vivo: rat intestinal uptake
AUC: 4.4-fold increase
C : 1.6-fold increase
T : 4.3-fold increase

In vitro: Caco-2 cell P : increased to 0.574 ± 0.18 × 10  cm/s

Curcumin In vitro: Caco-2 cell
The digested nanoemulsion had the highest
permeation rate (7.07 × 10  cm/s)

Candesartan
cilexetil

In situ single-pass intestinal
perfusion

Cellular uptake: 1.75-, 1.93-, and 1.84-fold increase
in the duodenum, jejunum, and ileum, respectively.

In vitro: Caco-2 cell
The cellular uptake of CCN at 4 °C reduced 92%
compared with that at 37 °C (p < 0.01)

In vivo: rat intestinal uptake
AUC: 10-fold increase
C : 27-fold increase
T : no change

Ibuprofen

In vitro diffusion chamber:
rat intestinal membrane

P : 10.6-fold

In vivo: rat intestinal uptake
AUC : 2.2-fold increase
C : 27-fold increase
T : no change

app
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max

max
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permeation-enhancing properties between the curcumin nanoemulsion and the β-lactoglobulin–curcumin complex.

The group discovered that the nanoemulsion had slightly better permeability of curcumin (7.07 × 10  cm/s), albeit

not significant, as compared to the complex (7.02 × 10  cm/s).
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