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Abstract: Among various drug administration routes, oral drug delivery is preferred and is consid-
ered patient-friendly; hence, most of the marketed drugs are available as conventional tablets or
capsules. In such cases, the administration of drugs with or without food has tremendous importance
on the bioavailability of the drugs. The presence of food may increase (positive effect) or decrease
(negative effect) the bioavailability of the drug. Such a positive or negative effect is undesirable since
it makes dosage estimation difficult in several diseases. This may lead to an increased propensity for
adverse effects of drugs when a positive food effect is perceived. However, a negative food effect may
lead to therapeutic insufficiency for patients suffering from life-threatening disorders. This review
emphasizes the causes of food effects, formulation strategies to overcome the fast-fed variability, and
the regulatory aspects of drugs with food effects, which may open new avenues for researchers to
design products that may help to eliminate fast-fed variability.

Keywords: bioavailability; fast-fed variability; food effect; formulation; pH dependent; pharmacokinetics

1. Introduction

Fast-fed variability is the alteration in the absorption of drugs predominantly due to the
presence or absence of food. It is a phenomenon that significantly alters the bioavailability
of several drugs [1]. Upon oral administration, drug absorption flux alters depending on a
plethora of factors that may increase or decrease absorption, leading to variation in bioavail-
ability [2]. In the case of potent drugs with a low therapeutic index, high fast-fed variability
leads to a tremendous increase or decrease in bioavailability, leading to acute/chronic
toxicities or therapeutic insufficiencies endangering the patient’s life [3]. Moreover, fast-
fed variability poses a great risk for drugs with multiple dosing frequencies, nonlinear
pharmacokinetics, greater half-life, etc. In the abovementioned circumstances, designing
the dosing regimen will be a challenging task for the physician. Human gastrointestinal
physiology is very complex and intricate and aids in the absorption of various nutrients,
xenobiotics, chemical moieties, etc., upon oral administration [4]. Highly lipophilic drugs,
such as griseofulvin, are more easily absorbed in the fed state than in the fasted state by
being solubilized into lipid matrices absorbed from food [5]. Based on the food effect,
medications are required to be administered either preprandial or postprandial for better
efficacy. This requirement is often problematic in patients with severe disorders treated
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with multiple medications. These patients often become confused or forget about the
dosing instructions, which may lead to incorrect dosing and compromised outcomes [6].
This is a critical issue in the case of geriatrics and pediatrics, wherein patients may forget to
take the right medication at the right time [7]. Drugs such as aprepitant [8], bosutinib [9],
lurasidone [10], and rivoceranib [11] have been well known to exert fast-fed variability.
After decades of development in medicine, this issue has still not been well addressed [12].

The FDA and EMA norms for bioavailability and bioequivalence (BA–BE) studies
include taking medication under a fasted state with approximately 240 mL of water after a
10 h overnight fasting period. This will prevent physiological variabilities such as the GI
fluid volume, pH, osmolality of gastric components, gastric emptying rate, and the transit
time of the drug administered [13]. Food plays a pivotal role in escalating or diminishing
the bioavailability of several drugs by mechanisms such as complexation with the drugs,
altering the pH-dependent solubility, micellar solubilization, etc. Figure 1 represents the
effect of food on pharmacokinetics, categorized into three types: The positive food effect
results in an increase in AUC0–t and Cmax with/without a decrease in Tmax, whereas the
opposite is seen with a negative food effect. The absence of any kind of effect is known as
the neutral food effect [14].
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from [15].

Fast-fed variability can also increase intersubjective variability, which in turn increases
the need for personalized medications [16]. Therefore, instead of personalized medication,
it is advisable to develop a robust formulation with no variability irrespective of the state
of dosing. In this regard, this review emphasizes the need to overcome fast-fed variability,
factors influencing fast-fed variability, and the aspects with which it can be reduced. It is
the need to replace conventional therapy with novel approaches that may help to overcome
the adversities of fast-fed variability.

Furthermore, the physiological inter- and intraindividual variability in the fasted and
fed conditions factors, strategies to overcome oral drug exposure variability, and experimen-
tal methods for measuring or estimating solubility of drugs are discussed exhaustively in
the reported review papers [4,15,17,18]. A recently published review discusses pharmaceu-
tical formulation technologies to mitigate the effect of food on drugs and covers preclinical
models for forecasting human food [19]. The current review highlights the aspects related to
the various formulation-based strategies to overcome the fast-fed variability, patentability,
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and regulatory aspects, which are not addressed in the previously reported reviews. This
may open new avenues for the researchers to design products that may help to mitigate
fast-fed variability.

2. Factors Influencing Fast-Fed Variability

To develop a formulation that can diminish fast-fed variability, it is important to know
the factors influencing fast-fed variability, schematically described in Figure 2. A wide
variety of factors influence the fast-fed variability; further details are explained below.
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2.1. Anatomical and Physiological Factors
2.1.1. Gastrointestinal Transit

Gastric emptying is one of the predominant factors influencing fast-fed variability.
The gastric emptying rate is governed by the migrating myoelectric complex (MMC) in
the fasted state. The MMC cycle takes place specifically between digestion intervals to
remove the undigested residue throughout the gastrointestinal tract. In humans, each cycle
occurs for 1.5–2 h until the food is consumed. This is divided into four phases. Phase I is
the quiescent phase, where no activity occurs up to 40–60 min, to Phase II, where a gradual
increment in the frequency of contraction occurs. This is followed by Phase III, where the
highest contraction intensity and frequency are reached, and clearance of all undigested
chyme occurs, thereby entering the small intestine. This is followed by Phase IV, where the
relaxation of gastric muscles occurs [20].

In the fasted state or during intake of liquids, gastric emptying time is less than
30 min, whereas in the fed state, a delay in gastric emptying time is observed, which
may be approximately 120 min [21]. Prolongation of gastric emptying time enhances the
dissolution of poorly soluble drugs by increasing the time available for solubilization
and increases the absorption of drugs from the GIT [22]. Dressman et al. reported a
prolongation in the gastric emptying time from 57 min in the fasted state to approximately
102 min in the fed state [23]. The gastric transit time depends on the motility of the GI
tract. This motility in turn depends on various factors, such as age, disease conditions,
sex, and food content (proteins and fats slow down motility, while carbohydrates enhance
motility). Many inter- and intravariations occur that alter GI motility [24]. Other drugs,
such as halofantrine and mebendazole. showed increased absorption in the fed state due to
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prolongation of the gastric emptying time [25]. Few drugs enhance gastric motility owing
to their irritancy potential, e.g., cathartics. This reduces the transit time and absorption of
several drugs [26,27].

The gastric emptying of solid conventional dosage forms such as tablets and pellets
is variable, whereas for liquid solutions, emptying is invariable by the digestive state of
the individual. Ogata et al. (1988) reported that small pellets with a size ranging below
1 mm empty from the stomach more rapidly compared to their larger counterparts [28].
However, Clarke et al. reported that pellets of sizes 0.5 and 4.75 mm showed no significant
change in gastric emptying time [29]. The small intestine transit time is reported to be
constant, i.e., 3–4 h, and a study showed no significant difference between tablets, pellets,
and liquids [30]. Feeding and morning awakening have been proven to be major stimuli in
provoking colonic motility. The greater fecal bulk is related to a reduced colonic transit time;
however, there is no clear justification for the same. Irregular GI motility and variability of
bile salts in the different parts of the GI tract may govern drug absorption from the distal
parts [31]. Table 1 indicates the length, surface area, and residence time of the GI tract.

Table 1. Characteristics of gastrointestinal tracts, data references [32–34].

S. NO. Gastrointestinal Tract Length (m) Surface Area (m2) Residence Time

1. Esophagus 0.3 0.02 30 s
2. Stomach 0.2 0.2 1–5 h
3. Duodenum 0.3 0.02 5 min
4. Jejunum 3 100 1–2 h
5. Ileum 4 100 2–3 h
6. Colon 1.5 3 15–48

2.1.2. Gastric pH

Gastric pH is another major factor contributing to substantial fast-fed variability [35,36].
Dressman et al. explored the alterations in pH attributed to the buffering action mediated
by food [37]. The duodenal pH is affected by the fasted or fed state. In the fed state, the pH
of the small intestine first falls owing to the acidic chyme from the stomach; however, the
fasted state pH is again reached, which is attributed to pancreatic bicarbonate secretion.
The pH in the fed state in the duodenum was found to be significantly lower than that in
the fasted state, from 4.0–5.4 [22]. Studies show extensive intersubject variability. Among
39 healthy individuals, there was a pH difference of approximately 2 units at the same
site [38].

As shown in Figure 3, the pH of the gastrointestinal tract varies with fast and fed
states [39]. Such a variation in fasted and fed state pH alters the solubility of drugs having
pH-dependent solubility, thereby modifying the bioavailability of such drugs. As per the
pH partition hypothesis, weak bases exhibit high ionization in fasted pH conditions, while
weak acids exhibit high ionization in fed pH conditions, as shown in Figure 4.

Since the percentage ionization will determine the solubility of the drug, it can be
postulated that weakly acidic molecules in an acidic environment or weakly basic drugs in
an alkaline environment will result in decreased or no ionization, leading to an increased
percentage of unionized form. In contrast, the presence of food alters the pH, leading to
a change in the ionization. In the fed state, a weakly acidic drug is ionized, whereas the
weak base remains unionized. This increase in ionization contributes to the absorption flux,
leading to increased absorption of the ionized counterpart compared to the unionized form.
The unionized drug is also absorbed via passive diffusion with a slower absorption flux.
This difference in flux governs the fast-fed variability in drugs with pH-dependent solubility.
Most often, an increased unionized form leads to a significant reduction in bioavailability; in
such cases, the physician is provoked to administer conventional formulations at high doses,
which may subsequently lead to both localized and systemic adverse effects. Additionally,
food may increase or decrease the gastro irritancy of some drugs. Increased gastric pH
has been reported to reduce the oral bioavailability of several drugs that are acid-soluble,
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e.g., ketoconazole [40,41], itraconazole [42], dipyridamole [43], indinavir [44], enoxacin [45],
cinnarizine [46], and cefpodoxime proxetil [47]. Many drugs exhibit facilitated transport,
which becomes the rate-limiting step for their systemic absorption. The number of receptors,
as well as transporters, also varies depending on the fasted or fed state, which may change
the oral bioavailability of many drugs.
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2.1.3. Enzyme Content and Transporters

In the case of oral delivery of peptides, oligonucleotides, and proteins, fast-fed vari-
ability is of profound importance. The amounts of peptidases such as pepsin, trypsin,
chymotrypsin, etc., vary during the fast and fed states, which may increase or decrease
the metabolism of drugs, leading to fluctuations in bioavailability [48]. Subsequently,
the content of bile acids for chylomicron uptake of several lipophilic drugs also depends
on fast-fed states. Fed state increases bile acid secretion, which increases the amount of
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chylomicrons that emulsify and promotes the absorption of highly lipophilic drugs via
lymphatic uptake [49]. This prevents the first-pass metabolism of drugs, thereby prolonging
their circulation time, which increases their duration of action. This is where the drugs
with high potency or high dosing frequency need to be carefully monitored to prevent
overdosing and concentration-dependent adverse effects of some drugs.

Due to the presence of CYP3A4 enzyme, efflux transporters (ABCB1, MDR1/2/3/4,
BCRP, P glycoprotein, MCT1, ENT1/2), influx transporters (OCT 1/2/3, CNT1/2, OCTN1/2,
OATP1A2, ASBT, OATP2B1, OATP3A1, PEPT1/2), and variations in the enzyme functions
in fasted states can also affect the presystemic metabolism and ultimately the bioavailability
of the drugs [2,50]. The presence of food can increase the splanchnic blood circulation,
which in turn may increase lymphatic blood flow and may also decrease enzyme concen-
tration in the gut, thereby having a positive effect on bioavailability. Drugs that undergo
such a type of enhancement in bioavailability include cyclosporine, midazolam, felodipine,
HMG CoA reductase inhibitors, etc. [2]. Cytochrome enzyme activity is modified based on
the fasted and fed states. For example, if grapefruit, tomato, or orange juice is included
in the diet, they inhibit cytochrome enzymes that prevent the systemic metabolism of
several drugs that are CYP substrates, such as propranolol [51] and terfenadine [52]. This
leads to an increased residence time and increased bioavailability of the drugs, which may
precipitate adverse drug reactions and threaten the well-being of the patient.

2.1.4. Hormonal Changes

During stressful events, various neurotransmitters are released from the brain, thy-
roid, pituitary gland, and other glands. Few among them are adrenaline, noradrenaline,
dopamine, and serotonin, which elicit satiety even in fasted conditions. The body responds
in a way as directed by these hormones such that it behaves as it is in the fed state while it
is not. This enhances the differences in fasted and fed state bioavailability of drugs, leading
to inadequacy or over adequacy to attain desired therapeutic effects [53]. This may in turn
increase or decrease the adversity of side effects.

2.1.5. Gastric Fluid Volume and Micellar Solubilization of Lipophilic Drugs

Gastric fluid volume is a vital factor when absorption of a drug is taken into consid-
eration. Each drug molecule has saturation solubility in body fluids. An alteration in the
gastric fluid volume may tremendously change the saturation of the drug. During the
fasted state, the gastric volume ranges between 13 mL and 72 mL, while during the fed
state, the gastric volume ranges between 534 and 839 mL [54]. Gastrointestinal fluid is a
multifarious and continuously changing fluid that is indispensable for various rate-limiting
steps for dosage forms-disintegration, dispersion, dissolution, and absorption of drugs. It
is impacted by the volume of liquid consumed, secretion from the gastric and pancreatic
glands, gastrointestinal transit, and the efflux rate of liquids throughout the GI tract.

The flow of the cecum and colon is gradually dampened owing to the reabsorption
of water, thereby increasing the bulk phase, which increases the intestinal and colonic
transit time. Therefore, drug dissolution is poor due to water inadequacy. Gas bubbles
emerging in the colon due to microbial fermentation and degradation reactions may also
diminish the connection of the molecules with the mucosa [55]. The contents of the GI fluids
alter depending on the physiological stimuli and the rate of secretion. Gastric fluid is a
blend of water, hydrochloric acid, electrolytes, and enzymes [56]. Coming to the intestines,
the contents of the upper small intestine include chyme, which is passed on from the
stomach, along with secretions from different organs, such as the liver, pancreas, and outer
layer of the small intestine. The contents are impacted by compartmentalization, mixing
configurations, absorption rate, and transit rate [57–59].

During the fed state, an enhanced discharge of bile salts occurs compared to the fasted
state. Such an increase may be due to the neuronal stimulation of the parasympathetic
system sending signals to the liver, pancreas, and gallbladder through neurotransmitters
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such as dopamine and serotonin. This increases the secretion of bile salts consisting of
sodium taurocholate and sodium glycolate [60].

When these bile salts encounter hydrophobic drugs, they align themselves with their
hydrophobic surface toward the drug and the hydrophilic end away from the drug. Since
their concentration is above the critical micelle concentration, they form micelle-like struc-
tures that increase their solubility, reduce their size, and subsequently increase their absorp-
tion, leading to a positive food effect. This is mainly prominent in poorly soluble drugs
possessing a high partition coefficient. This leads to a significant variation in drug absorp-
tion compared to the fasted state [61]. Other drugs, such as halofantrine and mebendazole,
showed boosted absorption in the fed state due to micellar solubilization [25].

2.2. Demographic and Genetic Factors

Aging is the most important factor that may influence fast-fed variability. Gastric
pH, motility, enzyme contents of the body fluids, etc., further depend on the age of the
patient. GI transit time increases with age; however, the number of enteric neurons, Cajal
cells, and Connexin 43 increases until the adolescent stage and then decreases [62,63]. An
aging-associated decrease in peptidase enzymes could lead to decreased metabolism [64].
Fasted and fed state factors become more elaborate during aging, which may be attributed
to the variations among interindividual subjects in the aging or injury of their mucosal cell
layer and the genetic make-up governing enzyme regulation.

Other predisposing factors affecting fast-fed variability include the dimensional vari-
ability of the individual, e.g., height, weight, gender, etc., which influence the drug ADME
(absorption, distribution, metabolism, and excretion) properties [65]. The underlying rea-
son for such [66] variability lies within the phenotypic and genotypic variation in the
genome of the individuals. This also dictates the basal metabolic rate of the body, which in
turn governs the dimensional factors as well as the drug ADME properties. Among the
variability in sex, a slower gastric emptying rate is found in women than in men, which
may considerably postpone the onset of efficacy of enteric-coated and extended-release
forms. The differences in gastric pH may affect the solubility and absorption [67].

Dosage forms with reduced drug release rates may interact with various locations
throughout the GI tract, which may contribute to significant variability in terms of the
amount of intestinal and hepatic transporters, metabolizing enzymes, hormonal regulation,
etc., which may result in tremendous differences in fast and fed state intersex as well as
interrace variations [1]. Predisposing epigenetic factors influence enzyme expression and
the turnover rate, which dictates the metabolism of labile drugs [68,69]. The population is
classified based on the metabolizing rate of enzymes into fast and slow metabolizers. For
example, drugs such as caffeine, isoniazid, hydralazine, procainamide, etc., are metabolized
by acetylation. The population that has a high acetyl transferase concentration is known
as fast acetylators, i.e., Asians, while those having low acetyl transferase concentrations
are known as slow acetylators, i.e., African Americans and Caucasians [70]. Such ethnic
disparity is also found in other enzymes that contribute to large variability among different
races. Diseased states also contribute to fast-fed variability. They are restricted more toward
the intraindividual status of the GI tract. Inflammatory conditions such as ulcers, Crohn’s
disease, celiac diseases, ulcerative colitis, etc., compromise the permeability and absorption
characteristics of the GI tract, which may lead to significant variability. The liver and kidney
are the prominent organs for drug metabolism.

Precipitation of organ-related toxicity may further worsen the variability caused by
the food effect. This may be due to liver and kidney insufficiency during toxicity, which
may impair the functioning of the metabolizing cytochrome and other enzyme families,
which may lead to toxicity [71]. It is important to identify the interplay of an individual’s
factors that may result in optimal drug therapy [72].
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2.3. Drug-Specific Factors

The functional groups on the chemical entities play a very important role in contribut-
ing to fast-fed variability. These groups contribute to their identifying characteristics, such
as pKa, partition coefficient, solubility, and molecular weight. Each of these factors may
directly or indirectly contribute to fast-fed variability.

2.3.1. Charge

The acid dissociation constant or pKa gives an idea about the nature of the chemical
moiety depending on the functional groups present in it. Drugs may be weakly acidic,
basic, or neutral. This information can be extrapolated to the degree of its acidic or basic
nature, which indicates its pH-dependent solubility potential and the extent to which
variations in gastric pH during a fast and fed state affect its bioavailability thereafter.
For example, weakly basic drugs such as metformin, raloxifene, epinephrine, etc., exhibit
greater solubility in fasted gastric pH compared to fed gastric pH [73]. As mentioned earlier,
fasted gastric pH in humans lies around pH 1.7, which increases up to pH 5 in the fed
state. For Biopharmaceutical Classification System (BCS)-II drugs, which are weakly basic,
a wide variation in bioavailability exists since these drugs have high permeability, and the
rate-determining step for absorption is solubility. Since they tend to be more ionized in
acidic pH, an increase in solubility by a few fold subsequently increases the absorption flux,
resulting in enhanced bioavailability. Similarly, BCS Class II drugs with a weakly acidic
nature are better absorbed in the fed state than in the fasted state [74].

2.3.2. Partition Coefficient

The partition coefficient, or at times expressed as “log P”, is a measure of the hy-
drophilicity/lipophilicity of the drug. This depends on the functional groups present, un-
saturation, and molecular weight of the drugs. Generally, but not always, high-molecular-
weight drugs are more lipophilic than lower-molecular-weight compounds [75]. This
molecular weight governs the absorption mechanism of several drugs through the gastric
mucosa, i.e., highly lipophilic drugs are absorbed via passive diffusion, while drugs with
low lipophilicity are absorbed via carrier-dependent transport mechanisms. It has been
reported that passive diffusion is faster in the fed state. The lipophilic drug moiety is
solubilized inside the lipid, followed by micellar solubilization due to the presence of bile
salts and chylomicron core formation [76]. These processes make absorption relatively
faster than in the fasted state [77].

2.3.3. Molecular Weight

As discussed above, the molecular weight of the chemical moiety governs most of
the physical characteristics. Greater molecular weight imparts greater lipophilicity, which
may exert a positive food effect on the bioavailability of the molecule. A balance needs
to be maintained between hydrophilicity and lipophilicity of the molecule. This balance
is described by the Hansen solubility parameter, which is discussed in detail below. To
reduce lipophilicity, ionic groups must be attached to the active moieties by prodrugs,
complexation, salt forms, etc., which may enhance the solubility irrespective of the food
effect, thereby reducing the fast-fed variability [78].

2.3.4. Solubility

Alterations in fast and fed state pH and contents modify the saturation solubility of
drugs. As discussed previously, weakly acidic drugs precipitate in acidic pH to a greater
extent in a fasted state than in a fed state. When precipitation occurs, there are possibilities
of solid-state manipulations, transformations in crystal forms and habits that have even
reduced solubility compared to the drug administered [79]. This may be one of the reasons
for giving such drugs at high doses to achieve the minimum effective dose.
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2.3.5. Particle Size and Surface Area

Particle size and surface area are interrelated factors that affect the solubility of the
molecule, resulting in fast-fed variability. A decrease in particle size increases the surface
free energy, which subsequently increases the surface area exposed to the surrounding
continuous phase [80]. This leads to an enhancement of charged interactions or attraction
forces between the drug and the surrounding media, thereby enhancing the dissolution
rate of the drug. A significant increase in magnitude occurs in the case of drugs with high
pH-dependent solubility, wherein this property of the drug is increased by severalfold with
an increase in surface area. Drug entities with a reduced particle size have an enhanced
dissolution rate, along with an enhanced absorption flux compared to the particles with an
increased size [81]. During the fed state, where pH increases due to the presence of food,
lipophilic drugs with a reduced particle size show an enhanced dissolution rate and absorp-
tion owing to their size, surface area, micellar solubilization, and other mechanisms [22].
Drug nanonization follows a similar mechanism to drug micronization with only enhanced
attributes. Both approaches can be used to overcome fast-fed variability; however, the
flux of the drug across the membrane becomes greater in fasted as well as fed states for
nanonized systems compared to micronized systems irrespective of pH-dependent solu-
bility of the drugs. Jinno et al. reported no statistically significant difference in the fasted
and fed state absorption of Cilostazol nanocrystal® technology compared to jet-milled
and hammer-milled techniques owing to reduced particle size and subsequent increase in
dissolution rate far more superior to other techniques. Pharmacokinetic studies showed
statistically insignificant differences in the bioavailability of the drug in fasted and fed
states [82].

2.3.6. Pharmacokinetic Factors

Various pharmacokinetic factors may play a key role in worsening the effects of fast-
fed variability. The half-life, volume of distribution, plasma protein binding, etc., may
contribute to adverse drug-related toxicities if its absorption is increased when the dose is
consumed other than the directed indication. An increased bioavailability of high-protein-
bound drug was observed in the patient because of the food intake. As a result of the longer
residence period in the body, such patients need to be watched carefully to prevent serious
toxicities [83]. This may increase the propensity of severe side effects if the dosing regimen
is continued for a prolonged duration. Dosing frequency and the volume of distribution
govern the adversity and the location of potential toxicity, which needs to be anticipated by
the physician.

2.4. Formulation-Related Factors

Formulation-related factors are the pharmaceutical factors that play an important role
in contributing to fast-fed variability. These predominantly include the release rate kinetics
of a drug from the dosage form. The extent of a drug undergoing fast-fed variability can be
altered with the help of kinetics and the mechanism of drug release, i.e., pH-responsive,
osmotic, diffusion-controlled, erosion control [84]. A significant food effect is observed in
immediate release dosage forms if the drug is susceptible to the food effect [85]. Efficient
control of formulation-related factors can help to effectively reduce the effects of food on
changes in bioavailability variability. The rate-determining step could be drug dissolution,
which is influenced by pH, micellar solubilization, and other factors, i.e., BCS classes II
and IV. It is well known that food can change the solubility and permeability of drugs. Wu
and Benet predicted the influence of food on solubility and permeability as a function of
BCS [86]. Figure 5 summarizes the effects of food on bioavailability changes.

Therefore, formulation approaches implying amelioration of the solubility and dissolu-
tion rate independent of pH are desirable, i.e., lipidic emulsifying systems, solid dispersions,
cyclodextrin complexations, etc. Since they suffer from solubility challenges, the food effect
may be highly pronounced if they are incorporated into immediate release dosage forms.
For BCS class I drugs, immediate release dosage forms are preferable. For class III drugs,
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the use of prodrugs and lipidic systems may help improve the partition coefficient of these
hydrophilic drugs, enhancing drug absorption in the fed state owing to micellization and
other mechanisms [88]. Osmotic systems may also control drug release and cause pH-
and food-independent drug release. For BCS, class IV drugs suffer from solubility and
permeability challenges.
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3. Formulation Strategies to Overcome Fast-Fed Variability

As discussed previously, one can witness the apprehensive effects of the factors influ-
encing fast-fed variability. Figure 6 enumerates various formulation strategies to overcome
fast-fed variability. To overcome these obstacles, a series of methods were attempted.

Pharmaceutics 2022, 14, 1807 11 of 30 
 

 

overcome fast-fed variability. To overcome these obstacles, a series of methods were at-
tempted. 

 
Figure 6. Formulation strategies to overcome fast-fed variability: prodrugs, cyclodextrins, osmotic 
delivery systems, amorphous solid dispersions, nanocrystal technology, and lipid-based systems. 

3.1. Prodrugs 
The prodrug approach aims to form covalent bonds between functional groups, such 

as hydroxyl, amide, acid, ester, etc., of the drug with different moieties, which alter the 
partition coefficient and solubility in such a way that the final product formed is absorbed 
irrespective of the fasted and fed state [89,90]. Once absorbed, the prodrug undergoes 
metabolism and releases an active moiety into the circulation. Ximelagatran, a prodrug of 
melagatran used for the treatment of platelet aggregation, was formulated by Astra 
Zeneca. This drug is poorly bioavailable due to its high hydrophilicity, and its bioavaila-
bility is greatly affected by food. Ximelagatran contains a carboxylic acid group that is 
transformed into an ester group, while the imidine group is hydroxylated to decrease the 
basicity of the molecule. It is unionized at alkaline pH, making it 170 times more lipophilic 
and 80 times more permeable than Melagatran [91]. Fosamprenavir is a prodrug of am-
prenavir used as an HIV protease inhibitor. Commercial Fosamprenavir (Telzir®) tablets 
were administered to five volunteers in the fasted and fed state. The results indicated that 
intake of food delayed the gastric dissolution of the drug, leading to delayed absorption 
[92]. The bioavailability of gabapentin is higher than that of its ester prodrug. Horizant®, 
consisting of gabapentin enacarbil, needs to be administered in the fed state, while Neu-
rontin®, which contains gabapentin in its pure form, does not show fast-fed variability 
[93]. Lee et al. reported the use of trypsin in binding with LB30870, a new direct thrombin 
inhibitor, to reduce its negative food effect [94]. Azilarsartan medoxomil, a BCS class IV 
drug, is hydrolyzed to release the active moiety azilsartan by esterase in the gastrointesti-
nal tract, which does not affect its bioavailability [95]. Other prodrugs whose absorption 

Figure 6. Formulation strategies to overcome fast-fed variability: prodrugs, cyclodextrins, osmotic
delivery systems, amorphous solid dispersions, nanocrystal technology, and lipid-based systems.



Pharmaceutics 2022, 14, 1807 11 of 28

3.1. Prodrugs

The prodrug approach aims to form covalent bonds between functional groups, such
as hydroxyl, amide, acid, ester, etc., of the drug with different moieties, which alter the
partition coefficient and solubility in such a way that the final product formed is absorbed
irrespective of the fasted and fed state [89,90]. Once absorbed, the prodrug undergoes
metabolism and releases an active moiety into the circulation. Ximelagatran, a prodrug of
melagatran used for the treatment of platelet aggregation, was formulated by Astra Zeneca.
This drug is poorly bioavailable due to its high hydrophilicity, and its bioavailability is
greatly affected by food. Ximelagatran contains a carboxylic acid group that is transformed
into an ester group, while the imidine group is hydroxylated to decrease the basicity of
the molecule. It is unionized at alkaline pH, making it 170 times more lipophilic and
80 times more permeable than Melagatran [91]. Fosamprenavir is a prodrug of amprenavir
used as an HIV protease inhibitor. Commercial Fosamprenavir (Telzir®) tablets were
administered to five volunteers in the fasted and fed state. The results indicated that intake
of food delayed the gastric dissolution of the drug, leading to delayed absorption [92]. The
bioavailability of gabapentin is higher than that of its ester prodrug. Horizant®, consisting
of gabapentin enacarbil, needs to be administered in the fed state, while Neurontin®, which
contains gabapentin in its pure form, does not show fast-fed variability [93]. Lee et al.
reported the use of trypsin in binding with LB30870, a new direct thrombin inhibitor,
to reduce its negative food effect [94]. Azilarsartan medoxomil, a BCS class IV drug, is
hydrolyzed to release the active moiety azilsartan by esterase in the gastrointestinal tract,
which does not affect its bioavailability [95]. Other prodrugs whose absorption is unaffected
by food include enalaprilat [96], fesoterodine [97], and fludarabine phosphate [98].

3.2. Cyclodextrin Complexation

Cyclodextrin complexes are widely used to enhance the solubility and permeability of
several BCS Class II and IV drugs [99]. Cyclodextrins are known to incorporate hydrophobic
drugs into their inner cavity, while their outer hydrophilic surface surrounds the outer
aqueous environment. This approach also helps to overcome the pH-dependent solubility
of weak acids or bases since the reduced solubility at pH at which the drug is unionized is
compensated by complexation with cyclodextrin [100].

Itraconazole, a BCS class II drug, is known to show a positive food effect, i.e., its
bioavailability increases significantly in the presence of food [101]. Velde et al. reported
hydroxy propyl-β-cyclodextrin complexes of itraconazole to investigate its effect on fast-fed
variability [102]. The cyclodextrin complexes reported an increase in bioavailability in
healthy volunteers of itraconazole in a fasted state compared to the fed state owing to
its increased solubility and dissolution rate, thereby reducing the difference between the
bioavailability among fasted and fed state. Sporanox®, a product from Janssen Cilag, was
marketed as an oral hydroxy propyl-β-cyclodextrin inclusion complex solution. It showed
an enhanced bioavailability compared to conventional itraconazole capsules irrespective of
fasted or fed conditions [102].

Thombre et al. formulated amorphous, nanocrystalline, and crystalline ziprasidone
formulations, which subsequently improved solubility as well as bioavailability and eradi-
cated the fast-fed variability. The amorphous complex and the nanosuspension ziprasidone
formulations displayed enhanced absorption in fasted beagle dogs compared to Geodon®

capsules. These solubilization technologies have the potential to reduce the food effect in
humans, as shown in Figure 7 [103].

Similarly, Wang reported sulfobutyl ether (SBE) cyclodextrin complexes of amiodarone
hydrochloride (AME), a drug with high pH-dependent solubility toward acidic pH. The
cumulative dissolution of the cyclodextrin complex showed greater than 85% in vitro drug
release in water, pH 4.5 acetate buffer, and 0.1 N HCl buffer solutions. The pharmacokinetic
studies demonstrated no significant difference in the absorption of the AMI-SBE-β-CD
inclusion in both fast and fed states [104]. Recently, an inclusion complex of lurasidone
hydrochloride with SBE cyclodextrin was developed to reduce the food effect, and the
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authors demonstrated the improvement of bioavailability and showed elimination of the
food effect [105].
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3.3. Osmotic Delivery System

An osmotic delivery system could be ideal for overcoming fast-fed variability since
the coat is merely permeable to water and a zero-order release is obtained irrespective
of GI conditions. This may help in reducing the food effect of such drugs compared to
their conventional counterparts owing to the independence of drug release on pH or any
other factor [106]. Modi and coworkers investigated the effect of a high-fat meal on the
pharmacokinetics of OROS® (osmotic controlled-release formulation of methylphenidate
HCl) in healthy subjects [107]. They reported AUC0-∞ values of 1857 ng.h/mL for fasted
subjects and 1872 ng.h/mL for fed subjects and Cmax values of 112.6 ng/mL for fasted
subjects and 124.9 ng/mL for fed subjects. They concluded that the nonexistence of food
affects the absorption of methylphenidate in patients subjected to no food as well as a
high-fat meal [107].

Yanfei et al. developed ziprasidone solid dispersion-loaded osmotic pump tablets
to reduce the food effect of ziprasidone. They reported a fasted state and fed state Cmax
of 294.3 ± 74.5 ng/mL and 311.7 ± 64.5 ng/mL, respectively, with a fasted state AUC0-∞
of 3974 ± 314.5 ng.h/mL and a fed state AUC of 3812 ± 314.5 ng.h/mL. The food effect
was eradicated by a combination of solubility enhancement of solid dispersion and the
zero-order release of osmotic pump tablets [108].

3.4. Amorphous Solid Dispersion

Amorphous solid dispersions (ASDs) are well-known and popularly used techniques
in the pharmaceutical industries today to convert crystalline drugs into amorphous materi-
als via solid-state manipulations [109]. Lipinski et al. demonstrated that solute solubility
is dependent on the crystal packing energy, cavitation energy (energy required to shift
water and create a cavity into the solute molecular arrangement), and solvation energy
(energy released due to favorable interactions between the solvent and solute) [110]. This
approach enhances the solubility by fewfold since it increases the surface free energy and
entropy and breaks the molecular packing. ASDs also show a spring parachute effect
since they are a part of supersaturated systems. The spring parachute effect, a charac-
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teristic of cocrystals and ASD, is an effect where a burst increase in the drug dissolution
rate occurs, which is maintained over time. Once almost all the drug has been released
for a particular duration of time, the solubility then decreases. The burst release effect
corresponds to a spring, and its maintenance and a gradual decrease in the dissolution
rate with time are described as a parachute. The amorphous form of the drug is more
soluble than the crystalline form at different pH ranges, which improves its bioavailability
irrespective of the presence or absence of food [111]. This approach is suitable for BCS
Class II drugs whose bioavailability is hindered by limited solubility. For drugs that have
pH-dependent solubility and exhibit variations in absorption in fasted and fed states, this
approach can be used by taking advantage of the amorphous form and the hydrophilic
carrier to improve the dissolution rate of the drug. Hot-melt extrusion technology was em-
ployed to develop an amorphous solid dispersion of a fixed-dose combination of lopinavir
and ritonavir for AIDS treatment, commercially known as Kaletra® (AbbVie Inc., North
Chicago, IL, USA) [112,113]. Before ASD, it was originally dispensed as a soft gelatin
capsule with lipidic excipients with a high capsule burden and dosing frequency of four
capsules per day. Solid dispersion of the combination reduced the dosing frequency to
two tablets and successfully eradicated fast-fed variability [114]. AstraZeneca developed
ASD-based formulations with olaparib to improve solubility, which improved bioavail-
ability as well as drug loading along with a significant reduction in the food effect [115].
Ziprasidone solid dispersion resulted in significant improvement in solubility and bioavail-
ability, thereby abolishing the variability concerning an absence of statistically significant
differences in Cmax and AUC in fasted and fed states compared to the commercial Zeldox®

formulation [116]. Othman et al. prepared melt-extruded and spray-dried solid disper-
sions for the drug ABT-102. They reported an increased oral bioavailability compared
to the plain drug and similar Cmax and AUC for fasted and fed state (melt extruded
solid dispersion–fasted state Cmax 9.4 ± 2.3 ng/mL and fed state Cmax 9.4 ± 3.2 ng/mL;
AUCfasted 109 ± 35 ng.h/mL and AUCfed 112 ± 35 ng.h/mL) and for spray-dried solid
dispersion (fasted Cmax 8.6 ± 2.7 ng/mL and fed state Cmax 9.2 ± 3.0 ng/mL; AUCfasted
89 ± 37 ng.h/mL and AUCfed 107 ± 53 ng.h/mL) [117]. Table 2 lists the marketed formu-
lations that have successfully overcome fast-fed variability.

Table 2. Marketed formulations with innovators who have successfully diminished fast-fed variability.

S. NO. Branded Name Drug Formulation Manufacturer

1. Prograf® Tacrolimus Amorphous solid dispersion Astellas Pharma US, Inc.,
Northbrook, IL, USA

2. Kaletra® Ritonavir/lopinavir Amorphous solid dispersion AbbVie Inc., North Chicago, IL,
USA

3. Zortress®/Certican® Everolimus Amorphous solid dispersion
Novartis Pharmaceuticals

Corporation
East Hanover, NJ, USA

4. Zelboraf® Vemurafenib Amorphous solid dispersion Genentech, Inc., South San
Francisco, CA, USA

5. Ceftin® Cefuroxime axetil Amorphous form of drug GlaxoSmithKline Inc.,
Collegeville, PA, USA

6. Accupril® Quinapril HCl Amorphous form of drug Pfizer Inc., New York, NY, USA

7. Crestor® Rosuvastatin Calcium Amorphous form of drug AstraZeneca Pharmaceuticals LP,
Wilmington, DE, USA

8. Zepatier® Elbasvir/Grazoprevir Amorphous form of drug Merck & Co., Inc., Rahway, NJ,
USA

9. Agenerase® Amprenavir Lipid based formulation GlaxoSmithKline Inc.,
Collegeville, PA, USA
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Table 2. Cont.

S. NO. Branded Name Drug Formulation Manufacturer

10. Avodart® Dutasteride Lipid based formulation GlaxoSmithKline Inc.,
Collegeville, PA, USA

11. Procardia® Nifedipine Lipid based formulation Pfizer Inc., New York, NY, USA

12. Rapamune® Sirolimus Lipid based formulation Pfizer Inc., New York, NY, USA

13. Amitiza® Lubiprostone Lipid based formulation

Sucampo Pharma Americas LLC,
Bedminster, NJ, USA and Takeda

Pharmaceuticals U.S.A., Inc.,
Lexington, MA, USA

14. Hycamtin® Topotecan HCl Lipid based formulation
Novartis Pharmaceuticals

Corporation
East Hanover, NJ, USA

15. Akynzeo® Netupitant Lipid based formulation Helsinn Therapeutics (U.S.), Inc.
Iselin, NJ, USA

16. Prometrium® Progesterone Lipid based formulation Virtus Pharmaceuticals, LLC,
Langhorne, PA, USA

17. Absorica® Isotretinoin Lipid based formulation
Sun Pharmaceutical Industries,

Inc., Princeton,
NJ, USA

18. Zemplar® Paricalcitol Lipid based formulation AbbVie Inc. North Chicago, IL,
USA

19. Vyndaqel® Tafamidismeglumine Lipid based formulation Pfizer Inc., New York, NY, USA

20. Xtandi® Enzalutamide Lipid based formulation Astellas Pharma US, Inc.
Northbrook, IL, USA

21. Lipantil Supra® Fenofibrate Nanocrystal AbbVie Inc. North Chicago, IL,
USA

22. Emend® Aprepitant Nanocrystal Merck & Co., Inc., Rahway, NJ,
USA

23. Triglide® Fenofibrate Nanocrystal Skye Pharma Inc., San Diego,
CA, USA

24. Rapamune® Sirolimus Nanocrystal Pfizer Inc., New York, NY, USA

25. Sporanox® Itraconazole Cyclodextrin Janssen Pharmaceuticals, Inc.
Titusville, NJ, USA

26. Lynparza® (capsule) Olaparib Crystalline solid dispersion
AstraZeneca Pharmaceuticals LP,
Wilmington, DE, USA and Merck

& Co., Inc., Rahway, NJ, USA

27. Lynparza® (tablet) Olaparib
Hot-melt extrusion followed
by compression of crystalline

solid dispersion

AstraZeneca Pharmaceuticals LP,
Wilmington, DE, USA and Merck

& Co., Inc., Rahway, NJ, USA

3.5. Nanocrystal Technology

Nanotechnology offers a wide range of possibilities in improving the therapeutic
potential of various molecules in different indications [118–128]. Furthermore, nanon-
ized delivery systems have the potential to overcome fast-fed variability. Nanocrystals or
nanosuspension technology is one such technology that uses either “top down” or “bottom
up” approaches for particle size reduction using antisolvent addition, supercritical antisol-
vent techniques, and sonoprecipitation methods, respectively [129,130]. Nanosuspensions
enhance the dissolution and permeability characteristics of BCS Class II and BCS Class
IV drugs owing to their nanometric size range, greater surface area and surface energy,
amorphization taking place during the process of size reduction, etc., leading to an in-
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creased solubility and dissolution rate [10,103,131]. Rangaraj et al. developed an ibrutinib
nanosuspension and depicted a reduction in fast-fed variability via simulated gastric fluids
and in vivo pharmacokinetic studies [131]. Two marketed nanocrystal preparations of
fenofibrate-Tricor® and Triglide® were compared for their absorption with microcoated
fenofibrate tablets in the fasted and fed state. They revealed similar absorption character-
istics in the fed state, while absorption from the nanocrystal tablet was enhanced in the
fasted state, which led to the elimination of fast-fed variability [132,133].

Aprepitant (MK-0869), a BCS class IV drug, uses Nano Crystal® technology to im-
prove drug dissolution in the fasted state [134]. The formulation was found to eradicate
the positive food effect observed with tablet formulations. There was an enhancement in
both AUC (3.2-fold) and Cmax (2.3-fold) observed in the fed-state beagle dogs, as shown
in Figure 8 [134]. Megestrol acetate, a steroidal progestin, displays a positive food effect
when incorporated as an oral suspension. Megace ES® nanocrystals were developed,
which demonstrated a reduction in fast-fed variability [135]. Jinno et al. prepared a
spray-dried nanocrystalline suspension of cilostazol that diminished the positive food
effect seen with the micronized formulations (Cmax fed/fast = 0.91 ± 0.13 ng/mL AUC
fed/fasted = 0.76 ± 0.04 ng.h/mL and mean residence time fed/fast = 0.95 ± 0.13 h, re-
spectively). This was attributed to improved dissolution, which increased the absorption
flux [82].
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3.6. Lipid-Based Systems

Many lipid-based formulations have the potential to reduce fast-fed variability [136]. Among
these formulations, self-micro/nanoemulsifying delivery systems (SMEDDSs/SNEDDSs) are
one of the most efficient formulations and can be used to overcome the food effect [137,138].
Lipid-based formulations report an increase in bioavailability among both fasted and fed
states, which may be due to nanometric size in the fasted state and enhanced absorption
via micellar solubilization with the help of chylomicrons during the fed state [139]. Poorly
hydrophilic drugs are solubilized into the lipid matrix, which, with the help of emulsifiers
when encountering water in gastric fluid, forms a nanoemulsion. The lipid globules formed
during the o/w emulsion process promote the secretion of bile salts in the fasted state.
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The secreted bile salts form mixed micelles with the oil globules in which the drug is
dispersed and thereby aid in drug absorption [140]. Since the mixed micelles are formed
in both fasted and fed states, a significant difference in the absorption of drugs does not
exist. Additionally, these lipids may be absorbed via lymphatic transport with the help of
chylomicrons, which also helps prevent hepatic first-pass metabolism thereafter [141,142].

SNEDDSs are more stable than nanoemulsions since the nanoemulsion is formed in
situ. Porter et al. suggested three possible mechanisms for drug absorption: (1) alteration
of the composition and character of the intestinal secretion, (2) intestinal lymphatic drug
transport, and (3) enterocyte-based transport processes [143]. Lurasidone HCl, a BCS class
II drug, shows a positive food effect attributed to delayed gastric emptying in the fed state,
prolonging the time accessible for drug solubilization. Oral administration of lurasidone
into a phospholipid-based self-nanoemulsifying self-nanosuspension (p-SNESNS) system
demonstrated a reduction in fast-fed variability; this improvement is due to enhanced
solubility [144]. Another study included coadministration of Sepan®, a marketed conven-
tional cinnarizine tablet, along with placebo SNEDDS to investigate the role of SNEDDS in
emulsifying cinnarizine from the tablet. Failure to reduce fast-fed variability on cinnarizine
bioavailability to a statistically significant level was observed [145].

Miao et al. reported an elimination of fast-fed variability for lurasidone-loaded SNED-
DSs in beagle dogs with similar Cmax and AUC values in fasted and fed states [146]. A study
was performed to investigate the efficacy of ziprasidone-loaded SNEDDSs in sustained-
release pellets to improve oral bioavailability and mitigate the food effect on ziprasidone
absorption. They found a statistically insignificant difference between the increase in
bioavailability in the fed and fasted states, 1.578- and 1.501-fold, respectively, compared
to the Zeldox® capsule. The eliminated fast-fed variability was attributed to enhanced
lymphatic transport and increased dissolution rate due to increased surface area owing
to reduced droplet size [147]. Another study was employed to examine the differences in
gastrointestinal absorption between itraconazole-based SMEDDSs (equivalent to 15 mg
of drug/kg of body weight) and conventional Sporanox® capsules in Sprague Dawley
rats. Due to its enhanced solubility and in vitro dissolution of itraconazole in SMEDDS
preconcentrates, an increased oral bioavailability of itraconazole was observed in different
dietary conditions. This study concluded that the SMEDDS formulation showed increased
absorption in rats irrespective of fasted and fed states, as shown in Figure 9 [148].

Dening et al. reported a significant reduction in the variation of ziprasidone solubi-
lization between the fasted and fed states owing to its incorporation into SNEDDS. The
incorporation of ziprasidone into SNEDDS eliminated the dissolution step required for
drug absorption, thereby eliminating the effect of diet [149]. Apart from the fed state, self-
emulsifying delivery systems could be used to abolish the impact of certain food contents
on drug absorption. The oral bioavailability of itraconazole in SEDDS in the fasted state was
comparable to that in the fed normal food as well as fed lipidic food post-administration to
male Sprague Dawley rats [148]. In another study, commercial conventional cinnarizine
tablets (Sepan®) were administered to 10 human volunteers in both fasted and fed states,
with and without coadministration of a placebo SNEDDS capsule [145]. The SNEDDS
formulation study investigated the pharmacokinetic difference between the conventional
tablet of cinnarizine vs. the SNEDDS formulation, which resulted in a reduction in the
food effect and increased absorption (Figure 10). After co-administration of SNEDDS with
tablets, the pharmacokinetic study indicated an increased bioavailability of cinnarizine in
the fasted state and reduced bioavailability of cinnarizine in the food effect, as shown in
Figure 10 [145]. Table 3 indicates various strategies along with reported pharmacokinetic
study data for formulations reducing food effects.
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Figure 9. Plasma concentration of itraconazole versus time after oral dosing of the Sporanox® cap-
sule and itraconazole-based SEDDS. Fasted overnight (A), normal diet (B), and lipidic diet for 1 day 
(C). Reprinted with permission from Ref. [148]. Copyright 2006, Elsevier. 

Figure 9. Plasma concentration of itraconazole versus time after oral dosing of the Sporanox® capsule
and itraconazole-based SEDDS. Fasted overnight (A), normal diet (B), and lipidic diet for 1 day (C).
Reprinted with permission from Ref. [148]. Copyright 2006, Elsevier.
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Figure 10. (A) Normal scale, (B) log scale of mean plasma concentration of cinnarizine versus time 
curves in both fast and fed conditions; tablets in fasted state (ο); tablets in fed state (□); tablets + 
SNEDDS in fasted state (▲) and tablets + SNEDDS in fed state (▼) (n = 10). Reproduced with per-
mission from Ref. [145]. Copyright 2016, Elsevier. 

Table 3. Formulation approaches for reducing fast-fed state variability with pharmacokinetic data. 

Formulation  
Approaches 

Drug 
Fasted State Fed State 

Refs AUC0–∞  
(ng.h/mL) 

Cmax  
(ng/mL) 

AUC0-∞  
(ng.h/mL) 

Cmax  
(ng/mL) 

Prodrug approach Enalapril 1209 ± 203 154 ± 39 1173 ±212 147 ± 36 [96] 
Cyclodextrin complexa-

tion 
Amiodarone HCl 1788 ± 121 3.024 ± 0.6631 1911 ± 141 3.314 ± 0.6139 [104] 

Osmotic delivery system 
Methylphenidate 

HCl 
1857 ± 224 112.6 ± 15.6 1872 ± 242 124.9 ± 17.9 [107] 

Solid dispersion Ziprasidone HCl 874.265 ± 3.908 122.116 ± 2.081 988.67 ±4.234 123.457 ± 1.987 [116] 
Nanocrystal technology Lurasidone HCl 4718.81 ± 638.37 353.72 ± 21.83 4796.30 ± 562.44 360.70 ± 20.71 [10] 

SNEDDS Cinnarizine 1386 ± 474 372 ± 101 1961 ± 324 389 ± 57.0 [145] 

4. Interplay of Different Molecular Properties Contributing to Fast-Fed Variability 
The concepts of “like dissolves like” or often described as “like seeks like” given by 

Hansen, Hildebrand, and Scott seem to play a key role in pH-dependent solubility, which 
can be extrapolated to pharmacokinetic fast-fed variability. As per Hansen’s solubility pa-
rameter, solubility depends on the sum of partial cohesive energies (dispersive forces, hy-
drogen bonding, and permanent dipoles) divided by its molar volume [150]. The strate-
gies discussed above use this principle to reduce the food effect. For instance, cyclodex-
trins, solid dispersions, nanocrystals, etc., depend on these partial cohesive energies 
(mainly hydrogen bonding and dipolar interaction with the hydrophilic polymer), 
thereby increasing the solubility of the drug irrespective of the variations in the gastroin-
testinal tract pH [19]. Prodrugs devoid of fast-fed variability aim to balance the partition 
coefficient of drugs during absorption, i.e., highly hydrophilic drugs may require lipo-
philic moieties to impart appropriate log p values to be absorbed in the present as well as 
the absence of food. Lipidic emulsifying systems disperse the drug into their nanosized 
oil droplets, which increases the surface area for increased dissolution and may also par-
ticipate in bile-salt-aided mixed micelle formation and lymphatic uptake. Out of a large 
array of drugs, some show variability in absorption, which is measured in terms of fasted 
and fed state pharmacokinetics by taking into consideration the area under the curve 

Figure 10. (A) Normal scale, (B) log scale of mean plasma concentration of cinnarizine versus time
curves in both fast and fed conditions; tablets in fasted state (o); tablets in fed state (�); tablets
+ SNEDDS in fasted state (N) and tablets + SNEDDS in fed state (H) (n = 10). Reproduced with
permission from Ref. [145]. Copyright 2016, Elsevier.

Table 3. Formulation approaches for reducing fast-fed state variability with pharmacokinetic data.

Formulation
Approaches Drug

Fasted State Fed State
RefsAUC0–∞

(ng.h/mL)
Cmax

(ng/mL)
AUC0–∞

(ng.h/mL)
Cmax

(ng/mL)

Prodrug approach Enalapril 1209 ± 203 154 ± 39 1173 ±212 147 ± 36 [96]
Cyclodextrin
complexation Amiodarone HCl 1788 ± 121 3.024 ± 0.6631 1911 ± 141 3.314 ± 0.6139 [104]

Osmotic delivery system Methylphenidate HCl 1857 ± 224 112.6 ± 15.6 1872 ± 242 124.9 ± 17.9 [107]
Solid dispersion Ziprasidone HCl 874.265 ± 3.908 122.116 ± 2.081 988.67 ±4.234 123.457 ± 1.987 [116]

Nanocrystal technology Lurasidone HCl 4718.81 ± 638.37 353.72 ± 21.83 4796.30 ± 562.44 360.70 ± 20.71 [10]
SNEDDS Cinnarizine 1386 ± 474 372 ± 101 1961 ± 324 389 ± 57.0 [145]

4. Interplay of Different Molecular Properties Contributing to Fast-Fed Variability

The concepts of “like dissolves like” or often described as “like seeks like” given by
Hansen, Hildebrand, and Scott seem to play a key role in pH-dependent solubility, which
can be extrapolated to pharmacokinetic fast-fed variability. As per Hansen’s solubility
parameter, solubility depends on the sum of partial cohesive energies (dispersive forces, hy-
drogen bonding, and permanent dipoles) divided by its molar volume [150]. The strategies
discussed above use this principle to reduce the food effect. For instance, cyclodextrins,
solid dispersions, nanocrystals, etc., depend on these partial cohesive energies (mainly hy-
drogen bonding and dipolar interaction with the hydrophilic polymer), thereby increasing
the solubility of the drug irrespective of the variations in the gastrointestinal tract pH [19].
Prodrugs devoid of fast-fed variability aim to balance the partition coefficient of drugs
during absorption, i.e., highly hydrophilic drugs may require lipophilic moieties to impart
appropriate log p values to be absorbed in the present as well as the absence of food. Lipidic
emulsifying systems disperse the drug into their nanosized oil droplets, which increases
the surface area for increased dissolution and may also participate in bile-salt-aided mixed
micelle formation and lymphatic uptake. Out of a large array of drugs, some show variabil-
ity in absorption, which is measured in terms of fasted and fed state pharmacokinetics by
taking into consideration the area under the curve (AUC), which gives an idea about the
change in bioavailability and maximum plasma concentration (Cmax) concerning fasted
and fed state.

From Table 4, it is very much understandable that most of the drugs undergoing fast-
fed variability in vivo may be due to increased pH-dependent solubility. Of these drugs,
isotretinoin, fenofibrate, and elbasvir/grazoprevir show a positive food effect, which may
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be attributed to the pH-dependent solubility in the increased fed state pH as well as their
high lipophilicity compared to the fasted state. Other drugs, such as cefuroxime axetil and
olaparib, possess reduced lipophilicity and have greater solubility in the acidic pH of the
fasted state but surprisingly showed a positive food effect, i.e., AUCfed/AUCfast greater
than 1, which may be due to increased residence time during the fed state compared to the
fasted state. Drugs such as vemurafenib, sirolimus, netupitant, progesterone, and aprepi-
tant possess high lipophilicity and pH-dependent solubility in acidic pH; however, they
show a positive food effect, which may be due to the chylomicron-assisted emulsification
of the bile salts during the fed state contributing to enhanced bioavailability compared
to the fasted state. Drugs such as rosuvastatin calcium and topotecan HCl show reduced
lipophilicity and a negative food effect, which may be due to the formation of complexes
with the food contents, thereby reducing their bioavailability when taken with food [151].
The remaining drugs, including tacrolimus, ritonavir, everolimus, quinapril HCl, ampre-
navir, nifedipine, lubiprostone, paricalcitol, tafamidis meglumine, and itraconazole, show a
negative food effect even with increased lipophilicity, which may be due to their increased
solubility in the acidic pH of the fasted state. We can conclude that pH-dependent solubility
may play a prime role in contributing to the fast-fed variability of several drugs.

Table 4. Potential molecular factors contributing to fast-fed variability in terms of AUC and
Cmax of marketed drugs for which products have been developed claiming to reduce the food
effect. Data obtained from FDA Drug Label database and European Summary of Pharmaceutical
Characteristics (SPC).

S. NO.
Marketed Drugs

with High Fast-Fed
Variability

pH-Dependent
Solubility pKa

Partition
Coefficient

Molecular
Weight BCS Class AUCfed/AUCfast Cmaxfed/Cmaxfast

1. Tacrolimus Acidic 9.96 3.19 804.08 II 0.63 0.23
2. Ritonavir Acidic 13.68 3.9 720.946 II 0.79 0.78
3. Everolimus Acidic 9.96 7.4 958.224 III 0.84 0.40
4. Vemurafenib No 7.1 4.62 489.92 IV 4.6 2.5
5. Cefuroxime axetil Acidic 10.92 0.89 510.475 II 1.41 1.43
6. Quinapril HCl Acidic 5.2 1.96 438.516 II 0.75 -
7. Rosuvastatin Calcium Basic 4.6 1.92 1001.14 II 1 0.8
8. Elbasvir/Grazoprevir Basic 3.77 3.34 882.05 II 1.5 2.8
9. Amprenavir Acidic 13.61 2.2 505.628 II 0.79 0.64

10. Dutasteride Acidic 12.56 6.8 528.53 II - 0.85
11. Nifedipine No 3.93 2.5 346.335 II 1 0.74
12. Sirolimus Acidic 9.96 4.85 914.172 II 1.35 -
13. Lubiprostone No 4.3 2.76 390.462 II 1 0.45
14. Topotecan HCl Acidic 10.50 −0.88 457.9 IV 1 1
15. Netupitant Acidic 9 7.26 578.59 II 1.1 1.2
16. Progesterone Acidic 18.92 3.87 314.46 II 1.99 5.19
17. Isotretinoin Basic 5 6.3 300.44 II 1.5 1.26
18. Paricalcitol No 14.81 4.5 416.36 III 1 1
19. Tafamidismeglumine Basic 3.6 4.21 503.33 IV 1 1
20. Fenofibrate Basic 3.1 5.24 360.831 II 1.58 -
21. Aprepitant Acidic 9.7 4.8 534.427 IV 1.4 -
22. Itraconazole Acidic 3.7 5.56 705.64 II 0.76 0.42
23. Olaparib No 12.07 1.49 435.08 IV 1.2 1

5. Regulatory Aspects

Food plays a significant role in variations in intra- and interindividual bioavailability.
Factors influencing such variations have been explained previously. As per the study
carried out by the USFDA, guidance for the pharmaceutical industry was documented
and fabricated in December 2002 for directing bioavailability and bioequivalence (BA–BE)
studies. The protocol stated an improved standardization being achieved during the trials,
leading to a better knowledge of the observed mechanisms leading to fast-fed variability
as well as the effects of the same. Recently, the European Medicines Agency (EMA)
reformed its norms, taking into consideration the recommendations of the FDA. Today’s
FDA and EMA norms and guidelines demand the administration of a large calorific intake
of approximately 850–1000 kcal to check the fast-fed variability in the oral bioavailability of
the drugs under study. This meal should derive approximately 150 kcal of protein, 250 kcal
of carbohydrate, and approximately 500–600 kcal of fats. FDA and EMA norms together
consist of a protocol for BABE studies specifically for the diet of the subjects participating
in the study to maintain diet uniformity among individuals [152,153].
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The drug product required for testing was given 30 min postmeal consumption along
with 240 mL of water. The assessment of fast-fed variability is evaluated on the ratios of
AUC and Cmax acquired after drug incorporation under fasted and fed states, respectively.
The acceptance criterion may lie between 80–125% but may be wider or narrower depending
on the bioavailability of the drug. There is a wide opportunity for the ever-growing pharma
industry to extend the patent terms of their new molecular entities as well as marketed
drugs and formulations by exploiting the benefits offered by the previously discussed
pharmaceutical opportunities to diminish fast-fed variability. This may also help the
applicant seek approval of their products via the ANDA 505(b)(2) pathway, wherein a
formulation may be claimed superior compared to the innovator product by being able to
reduce the fast-fed variability, which is a whole new domain waiting to be explored. This
not only ameliorates patient compliance but also reduces the adverse effects of drugs due to
positive or negative food effects. To overcome patenting obstacles, the formulation data can
be projected in such a way as to prevent patent infringement from other inventors as well
as self-patented entities. Table 5 depicts the number of patents applied by various inventors
to date successfully without infringing the preexisting patents by overcoming the fast-fed
variability of several drugs by different formulation approaches. This not only contributes
to society but also helps generate revenues for the innovator company to encourage them
to promote further research and development to bring new molecules into the market.

Table 5. Patents filed exclusively to reduce fast-fed variability.

S. NO. Patent Title Formulation Approach Used Refs

1. US20110311594A1 Controlled release compositions with
reduced food effect. Bilayered controlled release. [154]

2. US20140212491A1 Combination formulation of two
antiviral compounds. Solid dispersion. [155]

3. CN103211759B
Puerarin nanocrystalline medical

composition and preparation
method thereof.

Nanocrystal. [156]

4. CN102497857A

Nanostructured sildenafil base, its
pharmaceutically acceptable salts and

cocrystals, compositions of them, process
for the preparation thereof, and
pharmaceutical compositions

containing them.

Cocrystals. [157]

5. WO2015145157A1 Pharmaceutical composition
comprising pazopanib. Nanoparticles. [158]

6. JP2004523552A Reduced food intake, fibrates with a
fasting effect, the combination of statins. Microparticles. [159]

7. KR101300654B1 Nanoparticulate fibrate formulations. Nanoparticles. [160]

8. US9504652B2

Nanostructured aprepitant compositions,
process for the preparation thereof, and

pharmaceutical compositions
containing them.

Polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol graft

copolymer nanoparticles.
[161]

9. ES2372746T3 Stabilized microparticles fibrate. Microparticles stabilized by
surface active phospholipids. [162]

10. US20090028935A1 Carvedilol forms, compositions, and
methods of preparation thereof.

Amorphous carvedilol phosphate
salt and a complexing agent and

controlled release of
amorphous form.

[163]
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Table 5. Cont.

S. NO. Patent Title Formulation Approach Used Refs

11. WO2014009436A1 Nanosuspension of abiraterone acetate. Nanosuspension of
abiraterone acetate. [164]

12. CH707330A2 Pharmaceutical compositions with
reduced dose of fenofibrate.

A mixture of fenofibrate
nanoparticles and micronized

fenofibrate.
[165]

13. US9012511B2 Nanoparticulate cinacalcet compositions. Cinacacalcet nanoparticles. [166]

14. US20080044486A1 Controlled food effect composition. Membrane lipids for
controlled release. [167]

15. WO2015145145A1 Pharmaceutical composition
comprising lapatinib. Nanoparticles. [158]

16. US20120135053A1 Nanoparticulate telmisartan compositions
and process for the preparation thereof. Nanostructured Telmisartan. [168]

17. US20130210794A1

Nanostructured ezetimibe compositions,
process for the preparation thereof, and

pharmaceutical compositions
containing them.

Nanostructured ezetimibe. [169]

18. CN101180038A Nanoparticulate corticosteroid and
antihistamine formulations.

Antihistamine corticosteroid
nanoparticles. [170]

19. KR20080024213A Nanoparticulate megestrol formulations. Megesterol acetate nanoparticles. [171]

20. JP2012530126A

Nanoparticulate Olmesartan medoxomil
composition, method for its preparation,

and pharmaceutical composition
containing them.

Nano cocrystals. [172]

21. ES2302925T3
Nanoparticle compositions, kinase

inhibitors, mitogen activated
protein (MAP).

Nanoparticles. [173]

22. US20090004262A1 Nanoparticulate formulations and
methods for the making and use thereof. Cyclodextrin inclusion complex [174]

23. JP2005535582A Coated tablets.
Phospholipid applied to the

surface of the fenofibrate
microparticles.

[175]

24. CN101132768A Nanoparticulate tacrolimus formulations. Nanoparticles. [176]

25. US20130303495A1 Emulsion formulations. SNEDDS, SMEDDS, and SEDDS [177]

26. US20170112775A1
Situ self-assembling pro-nanoparticle

compositions and methods of preparation
and use thereof.

Self-assembling pronanoparticles. [178]

27. WO2014132134A1

A composition comprising a lipid
compound, a triglyceride, and a
surfactant, and methods of using

the same.

SNEDDS, SMEDDS, and SEDDS [179]

6. Concluding Remarks

This review provides a critical evaluation of the various fast-fed variable-causing
elements, GIT consideration insights, and a thorough note on formulation techniques to
overcome the fast-fed challenges. Despite the plethora of research, a considerable transla-
tional gap hinders such formulations from becoming commercially viable. To anticipate the
effects of food in vivo more accurately, future research should concentrate on improving dy-
namic in vitro models that analyze dissolution, solubilization, and permeation concurrently.
Strategies such as prodrug approach, cyclodextrin complexation, osmotic delivery system,
solid dispersions, nanocrystal technology, and SNEDDS provide therapeutic benefit by
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mitigating the fast-fed variability. Several aspects drive the decision on final formulation,
such as cost–benefit analysis, ease of administration, and molecule properties. Since the oral
route is the simplest and most used route of delivery it is important to consider the strategy
that is not burdensome to the patients. Nanotechnological approaches sometimes offer
distinctive advantages over other traditional methods; however, the equipment used and
scalability add up cost on the final formulation. In addition, the regulatory guidelines vary
a great extent if one of the formulation components is in the nano range, i.e., at least one
component of final formulation is in the range of 1–100 nm. This could be one reason for
predominant usage of traditional methods. In a report by Kola and Landis, it was evident
that there was substantial reduction in attrition rate due to PK/bioavailability between 1991
to 2000 [180]. This was attributed majorly to the improved formulation strategies at early
stage of development. A further analysis is much needed for the last decade. Additionally,
it would be beneficial to have a framework to help with formulation strategy selection
to counteract the impacts of food. However, proper medication reformulation to lessen
the pharmacological food impact is very helpful in lowering pharmacokinetic variability,
allowing uniform drug administration regardless of ambient factors. Regulatory aspects
regarding the food effect and its importance in patents and ANDA applications were
discussed. We conclude that various approaches described in the review are useful in the
formulation process and can be used to eliminate the fast-fed variability of several drugs.

Funding: This research received no external funding.

Acknowledgments: S.S. and N.R. owe their gratitude to NIPER-Hyderabad. V.J. was supported by
a personal research grant from the Finnish Cultural Foundation (Ingrid, Toini and Olavi Martelius
foundation). S.S. is thankful to GITAM School of Pharmacy, GITAM deemed to be University, for
their continuous support.

Conflicts of Interest: The authors declare no conflict of interest. The company had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, and in the decision to publish the results.

References
1. Jamei, M.; Turner, D.; Yang, J.; Neuhoff, S.; Polak, S.; Rostami-Hodjegan, A.; Tucker, G. Population-based mechanistic prediction

of oral drug absorption. AAPS J. 2009, 11, 225–237. [CrossRef] [PubMed]
2. Abuhelwa, A.Y.; Williams, D.B.; Upton, R.N.; Foster, D.J.R. Food, gastrointestinal pH, and models of oral drug absorption. Eur. J.

Pharm. Biopharm. 2017, 112, 234–248. [CrossRef] [PubMed]
3. Herbrink, M.; Nuijen, B.; Schellens, J.H.M.; Beijnen, J.H. Variability in bioavailability of small molecular tyrosine kinase inhibitors.

Cancer Treat. Rev. 2015, 41, 412–422. [CrossRef] [PubMed]
4. Vinarov, Z.; Abrahamsson, B.; Artursson, P.; Batchelor, H.; Berben, P.; Bernkop-Schnürch, A.; Butler, J.; Ceulemans, J.; Davies, N.;

Dupont, D.; et al. Current challenges and future perspectives in oral absorption research: An opinion of the UNGAP network.
Adv. Drug Deliv. Rev. 2021, 171, 289–331. [CrossRef]

5. Watts, A.B.; Williams, R.O., III. Formulation and production strategies for enhancing bioavailability of poorly absorbed drugs. In
Preclinical Drug Development; CRC Press: Boca Raton, FL, USA, 2020; pp. 173–207. ISBN 9780429142192.

6. Benedetti, M.S.; Whomsley, R.; Canning, M. Drug metabolism in the paediatric population and in the elderly. Drug Discov. Today
2007, 12, 599–610. [CrossRef]

7. Breitkreutz, J.; Boos, J. Paediatric and geriatric drug delivery. Expert Opin. Drug Deliv. 2007, 4, 37–45. [CrossRef]
8. Shono, Y.; Jantratid, E.; Kesisoglou, F.; Reppas, C.; Dressman, J.B. Forecasting in vivo oral absorption and food effect of micronized

and nanosized aprepitant formulations in humans. Eur. J. Pharm. Biopharm. 2010, 76, 95–104. [CrossRef]
9. Abbas, R.; Hsyu, P.H. Clinical Pharmacokinetics and Pharmacodynamics of Bosutinib. Clin. Pharmacokinet. 2016, 55, 1191–1204.

[CrossRef]
10. Yu, P.; Lu, S.; Zhang, S.; Zhang, W.; Li, Y.; Liu, J. Enhanced oral bioavailability and diminished food effect of lurasidone

hydrochloride nanosuspensions prepared by facile nanoprecipitation based on dilution. Powder Technol. 2017, 312, 11–20.
[CrossRef]

11. Sachar, M.; Park, C.H.; Pesco-Koplowitz, L.; Koplowitz, B.; McGinn, A. Effect of food intake on the pharmacokinetics of
rivoceranib in healthy subjects. Fundam. Clin. Pharmacol. 2022, 36, 171–181. [CrossRef]

12. Thombre, A.G.; Wu, X.Y.; Am Ende, M.T. Controlled release technology and design of oral controlled release dosage forms. Chem.
Eng. Pharm. Ind. 2019, 381–407. [CrossRef]

13. FDA. Food-Effect Bioavailability and Fed Bioequivalence Studies; Guidance for Industry; FDA: Silver Spring, MD, USA, 2002; p. 9.

http://doi.org/10.1208/s12248-009-9099-y
http://www.ncbi.nlm.nih.gov/pubmed/19381840
http://doi.org/10.1016/j.ejpb.2016.11.034
http://www.ncbi.nlm.nih.gov/pubmed/27914234
http://doi.org/10.1016/j.ctrv.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25818541
http://doi.org/10.1016/j.addr.2021.02.001
http://doi.org/10.1016/j.drudis.2007.06.011
http://doi.org/10.1517/17425247.4.1.37
http://doi.org/10.1016/j.ejpb.2010.05.009
http://doi.org/10.1007/s40262-016-0391-6
http://doi.org/10.1016/j.powtec.2017.02.038
http://doi.org/10.1111/fcp.12707
http://doi.org/10.1002/9781119600800.ch65


Pharmaceutics 2022, 14, 1807 23 of 28

14. Lentz, K.A.; Quitko, M.; Morgan, D.G.; Grace, J.E.; Gleason, C.; Marathe, P.H. Development and validation of a preclinical food
effect model. J. Pharm. Sci. 2007, 96, 459–472. [CrossRef] [PubMed]

15. Koziolek, M.; Alcaro, S.; Augustijns, P.; Basit, A.W.; Grimm, M.; Hens, B.; Hoad, C.L.; Jedamzik, P.; Madla, C.M.;
Maliepaard, M.; et al. The mechanisms of pharmacokinetic food-drug interactions—A perspective from the UNGAP group. Eur.
J. Pharm. Sci. 2019, 134, 31–59. [CrossRef] [PubMed]

16. Carusi, A. Validation and variability: Dual challenges on the path from systems biology to systems medicine. Stud. Hist. Philos.
Sci. Part C Stud. Hist. Philos. Biol. Biomed. Sci. 2014, 48, 28–37. [CrossRef] [PubMed]

17. Vinarov, Z.; Abdallah, M.; Agundez, J.A.G.; Allegaert, K.; Basit, A.W.; Braeckmans, M.; Ceulemans, J.; Corsetti, M.; Griffin, B.T.;
Grimm, M.; et al. Impact of gastrointestinal tract variability on oral drug absorption and pharmacokinetics: An UNGAP review.
Eur. J. Pharm. Sci. 2021, 162, 105812. [CrossRef]

18. O’Shea, J.P.; Augustijns, P.; Brandl, M.; Brayden, D.J.; Brouwers, J.; Griffin, B.T.; Holm, R.; Jacobsen, A.C.; Lennernäs, H.;
Vinarov, Z.; et al. Best practices in current models mimicking drug permeability in the gastrointestinal tract—An UNGAP review.
Eur. J. Pharm. Sci. 2022, 170, 106098. [CrossRef]

19. Meola, T.R.; Bremmell, K.E.; Williams, D.B.; Schultz, H.B.; Prestidge, C.A. Bio-enabling strategies to mitigate the pharmaceutical
food effect: A mini review. Int. J. Pharm. 2022, 619, 121695. [CrossRef]

20. Al-Saffar, A.; Takemi, S.; Saaed, H.K.; Sakata, I.; Sakai, T. Utility of animal gastrointestinal motility and transit models in functional
gastrointestinal disorders. Best Pract. Res. Clin. Gastroenterol. 2019, 40–41, 101633. [CrossRef]

21. Horowitz, M.; Maddox, A.; Bochner, M.; Wishart, J.; Bratasiuk, R.; Collins, P.; Shearman, D. Relationships between gastric
emptying of solid and caloric liquid meals and alcohol absorption. Am. J. Physiol. Gastrointest. Liver Physiol. 1989, 257, G291–G298.
[CrossRef]

22. Hörter, D.; Dressman, J.B. Influence of physicochemical properties on dissolution of drugs in the gastrointestinal tract. Adv. Drug
Deliv. Rev. 2001, 46, 75–87. [CrossRef]

23. Dressman, J.B.; Berardi, R.R.; Elta, G.H.; Gray, T.M.; Montgomery, P.A.; Lau, H.S.; Pelekoudas, K.L.; Szpunar, G.J.; Wagner, J.G.
Absorption of Flurbiprofen in the Fed and Fasted States. Pharm. Res. An Off. J. Am. Assoc. Pharm. Sci. 1992, 9, 901–907. [CrossRef]

24. Barbara, G.; Feinle-Bisset, C.; Ghoshal, U.C.; Santos, J.; Vanner, S.J.; Vergnolle, N.; Zoetendal, E.G.; Quigley, E.M. The intestinal
microenvironment and functional gastrointestinal disorders. Gastroenterology 2016, 150, 1305–1318.e8. [CrossRef] [PubMed]

25. Winstanley, P.; Orme, M. The effects of food on drug bioavailability. Br. J. Clin. Pharmacol. 1989, 28, 621–628. [CrossRef] [PubMed]
26. Hatton, G.B.; Madla, C.M.; Rabbie, S.C.; Basit, A.W. Gut reaction: Impact of systemic diseases on gastrointestinal physiology and

drug absorption. Drug Discov. Today 2019, 24, 417–427. [CrossRef]
27. Hirsch, C.H.; Maharaj, S.; Bourgeois, J.A. Pharmacotherapy: Safe Prescribing and Adverse Drug Events. In Geriatric Psychiatry;

Springer: Cham, Switzerland, 2018; pp. 109–134. [CrossRef]
28. Ogata, H.; Aoyagi, N.; Ejima, A. Gastric Emptying Rates of Drug Preparations. I. Effects of Size of Dosage Forms, Food and

Species on Gastric Emptying Rates. J. Pharmacobiodyn. 1988, 11, 563–570. [CrossRef]
29. Clarke, G.M.; Newton, J.M.; Short, M.D. Gastrointestinal transit of pellets of differing size and density. Int. J. Pharm. 1993,

100, 81–92. [CrossRef]
30. Davis, S.S.; Hardy, J.G.; Fara, J.W. Transit of pharmaceutical dosage forms through the small intestine. Gut 1986, 27, 886–892.

[CrossRef]
31. Staniforth, D.H.; Baird, I.M.; Fowler, J.; Lister, R.E. The Effects of Dietary Fibre on Upper and Lower Gastro-Intestinal Transit

Times and Faecal Bulking. J. Int. Med. Res. 1991, 19, 228–233. [CrossRef]
32. Helander, H.F.; Fändriks, L. Surface area of the digestive tract-revisited. Scand. J. Gastroenterol. 2014, 49, 681–689. [CrossRef]
33. Cheng, L.K.; O’Grady, G.; Du, P.; Egbuji, J.U.; Windsor, J.A.; Pullan, A.J. Gastrointestinal system. Wiley Interdiscip. Rev. Syst. Biol.

Med. 2010, 2, 65–79. [CrossRef]
34. Gao, Y.; Gesenberg, C.; Zheng, W. Oral Formulations for preclinical studies: Principle, design, and development considerations.

In Developing Solid Oral Dosage Forms: Pharmaceutical Theory and Practice, 2nd ed.; Academic Press: Cambridge, MA, USA, 2017;
pp. 455–495. ISBN 9780128024478.

35. Evans, D.F.; Pye, G.; Bramley, R.; Clark, A.G.; Dyson, T.J.; Hardcastle, J.D. Measurement of gastrointestinal pH profiles in normal
ambulant human subjects. Gut 1988, 29, 1035–1041. [CrossRef] [PubMed]

36. Fallingborg, J.; Christensen, L.A.; Ingeman-Nielsen, M.; Jacobsen, B.A.; Abildgaard, K.; Rasmussen, H.H. pH-Profile and regional
transit times of the normal gut measured by a radiotelemetry device. Aliment. Pharmacol. Ther. 1989, 3, 605–614. [CrossRef]
[PubMed]

37. Dressman, J.B.; Vertzoni, M.; Goumas, K.; Reppas, C. Estimating drug solubility in the gastrointestinal tract. Adv. Drug Deliv. Rev.
2007, 59, 591–602. [CrossRef] [PubMed]

38. Fallingborg, J.; Christensen, L.A.; Ingeman-Nielsen, M.; Jacobsen, B.A.; Abildgaard, K.; Rasmussen, H.H.; Rasmussen, S.N.
Measurement of gastrointestinal pH and regional transit times in normal children. J. Pediatr. Gastroenterol. Nutr. 1990, 11, 211–214.
[CrossRef]

39. Dressman, J.B.; Berardi, R.R.; Dermentzoglou, L.C.; Russell, T.L.; Schmaltz, S.P.; Barnett, J.L.; Jarvenpaa, K.M. Upper Gas-
trointestinal (GI) pH in Young, Healthy Men and Women. Pharm. Res. An Off. J. Am. Assoc. Pharm. Sci. 1990, 7, 756–761.
[CrossRef]

http://doi.org/10.1002/jps.20767
http://www.ncbi.nlm.nih.gov/pubmed/17075867
http://doi.org/10.1016/j.ejps.2019.04.003
http://www.ncbi.nlm.nih.gov/pubmed/30974173
http://doi.org/10.1016/j.shpsc.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25262024
http://doi.org/10.1016/j.ejps.2021.105812
http://doi.org/10.1016/j.ejps.2021.106098
http://doi.org/10.1016/j.ijpharm.2022.121695
http://doi.org/10.1016/j.bpg.2019.101633
http://doi.org/10.1152/ajpgi.1989.257.2.G291
http://doi.org/10.1016/S0169-409X(00)00130-7
http://doi.org/10.1023/A:1015800932454
http://doi.org/10.1053/j.gastro.2016.02.028
http://www.ncbi.nlm.nih.gov/pubmed/27144620
http://doi.org/10.1111/j.1365-2125.1989.tb03554.x
http://www.ncbi.nlm.nih.gov/pubmed/2692684
http://doi.org/10.1016/j.drudis.2018.11.009
http://doi.org/10.1007/978-3-319-67555-8_5
http://doi.org/10.1248/bpb1978.11.563
http://doi.org/10.1016/0378-5173(93)90078-T
http://doi.org/10.1136/gut.27.8.886
http://doi.org/10.1177/030006059101900308
http://doi.org/10.3109/00365521.2014.898326
http://doi.org/10.1002/wsbm.19
http://doi.org/10.1136/gut.29.8.1035
http://www.ncbi.nlm.nih.gov/pubmed/3410329
http://doi.org/10.1111/j.1365-2036.1989.tb00254.x
http://www.ncbi.nlm.nih.gov/pubmed/2518873
http://doi.org/10.1016/j.addr.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17599644
http://doi.org/10.1097/00005176-199008000-00010
http://doi.org/10.1023/A:1015827908309


Pharmaceutics 2022, 14, 1807 24 of 28

40. Blum, R.A.; D’Andrea, D.T.; Florentino, B.M.; Wilton, J.H.; Hilligoss, D.M.; Gardner, M.J.; Henry, E.B.; Goldstein, H.; Schentag, J.J.
Increased gastric pH and the bioavailability of fluconazole and ketoconazole. Ann. Intern. Med. 1991, 114, 755–757. [CrossRef]

41. Zhou, R.; Moench, P.; Heran, C.; Lu, X.; Mathias, N.; Faria, T.N.; Wall, D.A.; Hussain, M.A.; Smith, R.L.; Sun, D. pH-Dependent
dissolution in Vitro and absorption in Vivo of weakly basic drugs: Development of a canine model. Pharm. Res. 2005, 22, 188–192.
[CrossRef] [PubMed]

42. Jaruratanasirikul, S.; Sriwiriyajan, S. Effect of omeprazole on the pharmacokinetics of itraconazole. Eur. J. Clin. Pharmacol. 1998,
54, 159–161. [CrossRef]

43. Derendorf, H.; VanderMaelen, C.P.; Brickl, R.S.; MacGregor, T.R.; Eisert, W. Dipyridamole bioavailability in subjects with reduced
gastric acidity. J. Clin. Pharmacol. 2005, 45, 845–850. [CrossRef]

44. Carver, P.L.; Fleisher, D.; Zhou, S.Y.; Kaul, D.; Kazanjian, P.; Li, C. Meal composition effects on the oral bioavailability of indinavir
in HIV-infected patients. Pharm. Res. 1999, 16, 718–724. [CrossRef]

45. Lebsack, M.E.; Nix, D.; Ryerson, B.; Toothaker, R.D.; Welage, L.; Norman, A.M.; Schentag, J.J.; Sedman, A.J. Effect of gastric acidity
on enoxacin absorption. Clin. Pharmacol. Ther. 1992, 52, 252–256. [CrossRef] [PubMed]

46. Ogata, H.; Aoyagi, N.; Kaniwa, N.; Ejima, A.; Sekine, N.; Kitamura, M.; Inoue, Y. Gastric acidity dependent bioavailability of
cinnarizine from two commercial capsules in healthy volunteers. Int. J. Pharm. 1986, 29, 113–120. [CrossRef]

47. Saathoff, N.; Lode, H.; Neider, K.; Depperman, K.M.; Borner, K.; Koeppe, P. Pharmacokinetics of cefpodoxime proxetil and
interactions with an antacid and an H2 receptor antagonist. Antimicrob. Agents Chemother. 1992, 36, 796–800. [CrossRef] [PubMed]

48. Perello, P.; Maria, F. In Vitro Digestion Behavior of Complex Formulations for Clinical Nutrition Applications Based on Model
Systems. Available online: https://www.semanticscholar.org/paper/In-vitro-digestion-behavior-of-complex-formulations-
Perello-Maria/3d9d6e4d1e04d83aff6074a75384b2de4eb42159 (accessed on 25 July 2022).

49. Koziolek, M.; Carrière, F.; Porter, C.J.H. Lipids in the Stomach—Implications for the Evaluation of Food Effects on Oral Drug
Absorption. Pharm. Res. 2018, 35, 55. [CrossRef] [PubMed]

50. Villanueva, S.; Zhang, W.; Zecchinati, F.; Mottino, A.; Vore, M. ABC Transporters in Extrahepatic Tissues: Pharmacological
Regulation in Heart and Intestine. Curr. Med. Chem. 2018, 26, 1155–1184. [CrossRef] [PubMed]

51. McLean, A.J.; Isbister, C.; Bobik, A.; Dudley, F.J. Reduction of first-pass hepatic clearance of propranolol by food. Clin. Pharmacol.
Ther. 1981, 30, 31–34. [CrossRef] [PubMed]

52. Clifford, C.P.; Adams, D.A.; Murray, S.; Taylor, G.W.; Wilkins, M.R.; Boobis, A.R.; Davies, D.S. The cardiac effects of terfenadine
after inhibition of its metabolism by grapefruit juice. Eur. J. Clin. Pharmacol. 1997, 52, 311–315. [CrossRef]

53. Bliss, E.S.; Whiteside, E. The gut-brain axis, the human gut microbiota and their integration in the development of obesity. Front.
Physiol. 2018, 9, 900. [CrossRef]

54. Schiller, C.; Fröhlich, C.P.; Giessmann, T.; Siegmund, W.; Mönnikes, H.; Hosten, N.; Weitschies, W. Intestinal fluid volumes and
transit of dosage forms as assessed by magnetic resonance imaging. Aliment. Pharmacol. Ther. 2005, 22, 971–979. [CrossRef]

55. Johnson, I.T.; Gee, J.M. Effect of gel-forming gums on the intestinal unstirred layer and sugar transport in vitro. Gut 1981,
22, 398–403. [CrossRef]

56. Sandhar, B.K.; Goresky, G.V.; Maltby, J.R.; Shaffer, E.A. Effect of oral liquids and ranitidine on gastric fluid volume and pH in
children undergoing outpatient surgery. Anesthesiology 1989, 71, 327–330. [CrossRef] [PubMed]

57. Mudie, D.M.; Amidon, G.L.; Amidon, G.E. Physiological parameters for oral delivery and in vitro testing. Mol. Pharm. 2010,
7, 1388–1405. [CrossRef] [PubMed]

58. Hur, S.J.; Lim, B.O.; Decker, E.A.; McClements, D.J. In vitro human digestion models for food applications. Food Chem. 2011,
125, 1–12. [CrossRef]

59. Lindahl, A.; Ungell, A.L.; Knutson, L.; Lennernäs, H. Characterization of fluids from the stomach and proximal jejunum in men
and women. Pharm. Res. 1997, 14, 497–502. [CrossRef] [PubMed]

60. Falavigna, M.; Klitgaard, M.; Steene, E.; Flaten, G.E. Mimicking regional and fasted/fed state conditions in the intestine with the
mucus-PVPA in vitro model: The impact of pH and simulated intestinal fluids on drug permeability. Eur. J. Pharm. Sci. 2019,
132, 44–54. [CrossRef] [PubMed]

61. Sugano, K. Estimation of effective intestinal membrane permeability considering bile micelle solubilisation. Int. J. Pharm. 2009,
368, 116–122. [CrossRef]

62. Brogna, A.; Ferrara, R.; Bucceri, A.M.; Lanteri, E.; Catalano, F. Influence of aging on gastrointestinal transit time an ultrasono-
graphic and radiologic study. Investig. Radiol. 1999, 34, 357–359. [CrossRef]

63. Sun, T.; Li, D.; Hu, S.; Huang, L.; Sun, H.; Yang, S.; Wu, B.; Ji, F.; Zhou, D. Aging-dependent decrease in the numbers of
enteric neurons, interstitial cells of Cajal and expression of connexin43 in various regions of gastrointestinal tract. Aging 2018,
10, 3851–3865. [CrossRef]

64. Chi, C.; Li, D.J.; Jiang, Y.J.; Tong, J.; Fu, H.; Wu, Y.H.; Shen, F.M. Vascular smooth muscle cell senescence and age-related diseases:
State of the art. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 1810–1821. [CrossRef]

65. Strolin, M.; Whomsley, R.; Baltes, E.L. Differences in absorption, distribution, metabolism and excretion of xenobiotics between
the paediatric and adult populations. Expert Opin. Drug Metab. Toxicol. 2005, 1, 447–471. [CrossRef]

66. Toutain, P.L.; Ferran, A.; Bousquet-Mélou, A. Species differences in pharmacokinetics and pharmacodynamics. Handb. Exp.
Pharmacol. 2010, 199, 19–48. [CrossRef]

http://doi.org/10.7326/0003-4819-114-9-755
http://doi.org/10.1007/s11095-004-1185-3
http://www.ncbi.nlm.nih.gov/pubmed/15783065
http://doi.org/10.1007/s002280050438
http://doi.org/10.1177/0091270005276738
http://doi.org/10.1023/A:1018880726035
http://doi.org/10.1038/clpt.1992.138
http://www.ncbi.nlm.nih.gov/pubmed/1526081
http://doi.org/10.1016/0378-5173(86)90108-0
http://doi.org/10.1128/AAC.36.4.796
http://www.ncbi.nlm.nih.gov/pubmed/1354432
https://www.semanticscholar.org/paper/In-vitro-digestion-behavior-of-complex-formulations-Perello-Maria/3d9d6e4d1e04d83aff6074a75384b2de4eb42159
https://www.semanticscholar.org/paper/In-vitro-digestion-behavior-of-complex-formulations-Perello-Maria/3d9d6e4d1e04d83aff6074a75384b2de4eb42159
http://doi.org/10.1007/s11095-017-2289-x
http://www.ncbi.nlm.nih.gov/pubmed/29423732
http://doi.org/10.2174/0929867325666180327092639
http://www.ncbi.nlm.nih.gov/pubmed/29589524
http://doi.org/10.1038/clpt.1981.123
http://www.ncbi.nlm.nih.gov/pubmed/7237895
http://doi.org/10.1007/s002280050296
http://doi.org/10.3389/fphys.2018.00900
http://doi.org/10.1111/j.1365-2036.2005.02683.x
http://doi.org/10.1136/gut.22.5.398
http://doi.org/10.1097/00000542-198909000-00001
http://www.ncbi.nlm.nih.gov/pubmed/2774259
http://doi.org/10.1021/mp100149j
http://www.ncbi.nlm.nih.gov/pubmed/20822152
http://doi.org/10.1016/j.foodchem.2010.08.036
http://doi.org/10.1023/A:1012107801889
http://www.ncbi.nlm.nih.gov/pubmed/9144738
http://doi.org/10.1016/j.ejps.2019.02.035
http://www.ncbi.nlm.nih.gov/pubmed/30822502
http://doi.org/10.1016/j.ijpharm.2008.10.001
http://doi.org/10.1097/00004424-199905000-00005
http://doi.org/10.18632/aging.101677
http://doi.org/10.1016/j.bbadis.2018.08.015
http://doi.org/10.1517/17425255.1.3.447
http://doi.org/10.1007/978-3-642-10324-7_2


Pharmaceutics 2022, 14, 1807 25 of 28

67. Donovan, M.D. Sex and racial differences in pharmacological response: Effect of route of administration and drug delivery
system on pharmacokinetics. J. Womens Health 2005, 14, 30–37. [CrossRef] [PubMed]

68. Javaid, N.; Choi, S. Acetylation- and Methylation-Related Epigenetic Proteins in the Context of Their Targets. Genes 2017, 8, 196.
[CrossRef] [PubMed]

69. Peng, L.; Zhong, X. Epigenetic regulation of drug metabolism and transport. Acta Pharm. Sin. B 2015, 5, 106–112. [CrossRef]
[PubMed]

70. Matthews, H.W. Racial, ethnic and gender differences in response to medicines. Drug Metabol. Drug Interact. 1995, 12, 77–92.
[CrossRef] [PubMed]

71. Wilkinson, G.R. The effects of diet, aging and disease-states on presystemic elimination and oral drug bioavailability in humans.
Adv. Drug Deliv. Rev. 1997, 27, 129–159. [CrossRef]

72. Nicolò, E.; Trapani, D.; Giachetti, P.P.M.B.; Zagami, P.; Curigliano, G. Fed or fasted state for oral therapies in breast cancer
treatment? A comprehensive review of clinical practice recommendations. Cancer Treat. Rev. 2021, 100, 102281. [CrossRef]

73. Hamed, R.; Awadallah, A.; Sunoqrot, S.; Tarawneh, O.; Nazzal, S.; AlBaraghthi, T.; Al Sayyad, J.; Abbas, A. pH-Dependent
Solubility and Dissolution Behavior of Carvedilol—Case Example of a Weakly Basic BCS Class II Drug. AAPS PharmSciTech 2016,
17, 418–426. [CrossRef]

74. Kumar, S.; Ravulapalli, S.Y.; Tiwari, S.K.; Gupta, S.; Nair, A.B.; Jacob, S. Effect of sex and food on the pharmacokinetics of different
classes of BCS drugs in rats after cassette administration. Int. J. Pharm. 2021, 610, 121221. [CrossRef]

75. Williams, H.D.; Ford, L.; Lim, S.; Han, S.; Baumann, J.; Sullivan, H.; Vodak, D.; Igonin, A.; Benameur, H.; Pouton, C.W.; et al.
Transformation of Biopharmaceutical Classification System Class I and III Drugs Into Ionic Liquids and Lipophilic Salts for
Enhanced Developability Using Lipid Formulations. J. Pharm. Sci. 2018, 107, 203–216. [CrossRef]

76. Porter, C.J.H.; Charman, W.N. Uptake of drugs into the intestinal lymphatics after oral administration. Adv. Drug Deliv. Rev. 1997,
25, 71–89. [CrossRef]

77. Shekhawat, P.B.; Pokharkar, V.B. Understanding peroral absorption: Regulatory aspects and contemporary approaches to tackling
solubility and permeability hurdles. Acta Pharm. Sin. B 2017, 7, 260–280. [CrossRef] [PubMed]

78. Williams, H.D.; Ford, L.; Igonin, A.; Shan, Z.; Botti, P.; Morgen, M.M.; Hu, G.; Pouton, C.W.; Scammells, P.J.; Porter, C.J.H.; et al.
Unlocking the full potential of lipid-based formulations using lipophilic salt/ionic liquid forms. Adv. Drug Deliv. Rev. 2019,
142, 75–90. [CrossRef] [PubMed]

79. Acharya, P.C.; Fernandes, C.; Suares, D.; Shetty, S.; Tekade, R.K. Solubility and Solubilization Approaches in Pharmaceutical
Product Development. In Dosage Form Design Considerations: Volume I; Academic Press: Cambridge, MA, USA, 2018; pp. 513–547.
ISBN 9780128144244.

80. Auer, S.; Frenkel, D. Suppression of crystal nucleation in polydisperse colloids due to increase of the surface free energy. Nature
2001, 413, 711–713. [CrossRef]

81. Hecq, J.; Deleers, M.; Fanara, D.; Vranckx, H.; Amighi, K. Preparation and characterization of nanocrystals for solubility and
dissolution rate enhancement of nifedipine. Int. J. Pharm. 2005, 299, 167–177. [CrossRef] [PubMed]

82. Jinno, J.I.; Kamada, N.; Miyake, M.; Yamada, K.; Mukai, T.; Odomi, M.; Toguchi, H.; Liversidge, G.G.; Higaki, K.; Kimura, T. Effect
of particle size reduction on dissolution and oral absorption of a poorly water-soluble drug, cilostazol, in beagle dogs. J. Control.
Release 2006, 111, 56–64. [CrossRef]

83. Wanat, K. Biological barriers, and the influence of protein binding on the passage of drugs across them. Mol. Biol. Rep. 2020,
47, 3221–3231. [CrossRef]

84. Silmore, L.H.; Willmer, A.R.; Capparelli, E.V.; Rosania, G.R. Food effects on the formulation, dosing, and administration of
cannabidiol (CBD) in humans: A systematic review of clinical studies. Pharmacotherapy 2021, 41, 405–420. [CrossRef]

85. Benziger, D.P.; Kaiko, R.F.; Miotto, J.B.; Fitzmartin, R.D.; Reder, R.F.; Chasin, M. Differential effects of food on the bioavailability
of controlled-release oxycodone tablets and immediate-release oxycodone solution. J. Pharm. Sci. 1996, 85, 407–410. [CrossRef]

86. Wu, C.-Y.; Benet, L.Z. Predicting Drug Disposition via Application of BCS: Transport/Absorption/ Elimination Interplay and
Development of a Biopharmaceutics Drug Disposition Classification System. Pharm. Res. 2005, 22, 11–23. [CrossRef]

87. Yasuji, T.; Kondo, H.; Sako, K. The effect of food on the oral bioavailability of drugs: A review of current developments and
pharmaceutical technologies for pharmacokinetic control. Ther. Deliv. 2012, 3, 81–90. [CrossRef] [PubMed]

88. Cheng, L.; Wong, H. Food effects on oral drug absorption: Application of physiologically-based pharmacokinetic modeling as a
predictive tool. Pharmaceutics 2020, 12, 672. [CrossRef] [PubMed]

89. Jana, S.; Mandlekar, S.; Marathe, P. Prodrug Design to Improve Pharmacokinetic and Drug Delivery Properties: Challenges to the
Discovery Scientists. Curr. Med. Chem. 2010, 17, 3874–3908. [CrossRef]

90. Jornada, D.H.; Dos Santos Fernandes, G.F.; Chiba, D.E.; De Melo, T.R.F.; Dos Santos, J.L.; Chung, M.C. The prodrug approach: A
successful tool for improving drug solubility. Molecules 2016, 21, 42. [CrossRef]

91. Barton, P.; Riley, R.J. A new paradigm for navigating compound property related drug attrition. Drug Discov. Today 2016, 21, 72–81.
[CrossRef] [PubMed]

92. Brouwers, J.; Tack, J.; Augustijns, P. Parallel monitoring of plasma and intraluminal drug concentrations in man after oral
administration of fosamprenavir in the fasted and fed state. Pharm. Res. 2007, 24, 1862–1869. [CrossRef]

93. Kaye, A.D. Pharmacology, An Issue of Anesthesiology Clinics E-Book; Elsevier: Amsterdam, The Netherlands, 2017; ISBN
9780323529983.

http://doi.org/10.1089/jwh.2005.14.30
http://www.ncbi.nlm.nih.gov/pubmed/15692275
http://doi.org/10.3390/genes8080196
http://www.ncbi.nlm.nih.gov/pubmed/28783137
http://doi.org/10.1016/j.apsb.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26579435
http://doi.org/10.1515/DMDI.1995.12.2.77
http://www.ncbi.nlm.nih.gov/pubmed/8591695
http://doi.org/10.1016/S0169-409X(97)00040-9
http://doi.org/10.1016/j.ctrv.2021.102281
http://doi.org/10.1208/s12249-015-0365-2
http://doi.org/10.1016/j.ijpharm.2021.121221
http://doi.org/10.1016/j.xphs.2017.05.019
http://doi.org/10.1016/S0169-409X(96)00492-9
http://doi.org/10.1016/j.apsb.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28540164
http://doi.org/10.1016/j.addr.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31150666
http://doi.org/10.1038/35099513
http://doi.org/10.1016/j.ijpharm.2005.05.014
http://www.ncbi.nlm.nih.gov/pubmed/15996838
http://doi.org/10.1016/j.jconrel.2005.11.013
http://doi.org/10.1007/s11033-020-05361-2
http://doi.org/10.1002/phar.2512
http://doi.org/10.1021/js950403a
http://doi.org/10.1007/s11095-004-9004-4
http://doi.org/10.4155/tde.11.142
http://www.ncbi.nlm.nih.gov/pubmed/22833934
http://doi.org/10.3390/pharmaceutics12070672
http://www.ncbi.nlm.nih.gov/pubmed/32708881
http://doi.org/10.2174/092986710793205426
http://doi.org/10.3390/molecules21010042
http://doi.org/10.1016/j.drudis.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26404453
http://doi.org/10.1007/s11095-007-9307-3


Pharmaceutics 2022, 14, 1807 26 of 28

94. Lee, J.; Kim, B.; Kim, T.H.; Lee, S.H.; Park, H.D.; Chung, K.; Lee, S.H.; Paek, S.; Kim, E.E.K.; Yoon, S.K.; et al. A Food Effect Study
of an Oral Thrombin Inhibitor and Prodrug Approach to Mitigate It. Mol. Pharm. 2016, 13, 1197–1205. [CrossRef]

95. Angeli, F.; Verdecchia, P.; Pascucci, C.; Poltronieri, C.; Reboldi, G. Pharmacokinetic evaluation and clinical utility of azilsartan
medoxomil for the treatment of hypertension. Expert Opin. Drug Metab. Toxicol. 2013, 9, 379–385. [CrossRef]

96. Swanson, B.N.; Vlasses, P.H.; Ferguson, R.K.; Bergquist, P.A.; Till, A.E.; Irvin, J.D.; Harris, K. Influence of food on the bioavailability
of enalapril. J. Pharm. Sci. 1984, 73, 1655–1657. [CrossRef]

97. Malhotra, B.; Gandelman, K.; Sachse, R.; Wood, N.; Michel, M. The Design and Development of Fesoterodine as a Prodrug of 5-
Hydroxymethyl Tolterodine (5-HMT), the Active Metabolite of Tolterodine. Curr. Med. Chem. 2009, 16, 4481–4489. [CrossRef]

98. Oscier, D.; Orchard, J.A.; Culligan, D.; Cunningham, D.; Johnson, S.; Parker, A.; Klein, M.; Gieschen, H. The bioavailability of oral
fludarabine phosphate is unaffected by food. Hematol. J. 2001, 2, 316–321. [CrossRef]

99. Loftsson, T. Cyclodextrins and the biopharmaceutics classification system of drugs. J. Incl. Phenom. 2002, 44, 63–67. [CrossRef]
100. Riis, T.; Bauer-Brandl, A.; Wagner, T.; Kranz, H. pH-independent drug release of an extremely poorly soluble weakly acidic drug

from multiparticulate extended release formulations. Eur. J. Pharm. Biopharm. 2007, 65, 78–84. [CrossRef]
101. Rauseo, A.M.; Mazi, P.; Lewis, P.; Burnett, B.; Mudge, S.; Spec, A. Bioavailability of single-dose SUBA-itraconazole compared to

conventional itraconazole under fasted and fed conditions. Antimicrob. Agents Chemother. 2021, 65, e00134-21. [CrossRef]
102. Van De Velde, V.J.S.; Van Peer, A.P.; Heykants, J.J.P.; Woestenborghs, R.J.H.; Van Rooy, P.; De Beule, K.L.; Cauwenbergh, G.F.M.J.

Effect of food on the pharmacokinetics of a new hydroxypropyl-β-cyclodextrin formulation of itraconazole. Pharmacotherapy
1996, 16, 424–428.

103. Thombre, A.G.; Shah, J.C.; Sagawa, K.; Caldwell, W.B. In vitro and in vivo characterization of amorphous, nanocrystalline, and
crystalline ziprasidone formulations. Int. J. Pharm. 2012, 428, 8–17. [CrossRef]

104. Wang, D.; Chen, G.; Ren, L. Preparation and Characterization of the Sulfobutylether-β-Cyclodextrin Inclusion Complex of
Amiodarone Hydrochloride with Enhanced Oral Bioavailability in Fasted State. AAPS PharmSciTech 2017, 18, 1526–1535.
[CrossRef]

105. Wang, J.; Huang, B.; Dai, J.; Chen, G.; Ren, L. Inclusion complex of lurasidone hydrochloride with Sulfobutylether-β-cyclodextrin
has enhanced oral bioavailability and no food effect. Am. J. Transl. Res. 2022, 14, 1495.

106. Schapperer, E.; Daumann, H.; Lamouche, S.; Thyroff-Friesinger, U.; Viel, F.; Weitschies, W. Bioequivalence of Sandoz
methylphenidate osmotic-controlled release tablet with Concerta® (Janssen-Cilag). Pharmacol. Res. Perspect. 2015, 3, e00072.
[CrossRef]

107. Modi, N.B.; Wang, B.; Hu, W.T.; Gupta, S.K. Effect of food on the pharmacokinetics of osmotic controlled-release methylphenidate
HCl in healthy subjects. Biopharm. Drug Dispos. 2000, 21, 23–31. [CrossRef]

108. Yanfei, M.; Guoguang, C.; Lili, R.; Pingkai, O. Controlled release of ziprasidone solid dispersion systems from osmotic pump
tablets with enhanced bioavailability in the fasted state. Drug Dev. Ind. Pharm. 2015, 41, 1353–1362. [CrossRef] [PubMed]

109. Jain, S.; Patel, N.; Lin, S. Solubility and dissolution enhancement strategies: Current understanding and recent trends. Drug Dev.
Ind. Pharm. 2015, 41, 875–887. [CrossRef] [PubMed]

110. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3–26. [CrossRef]

111. Van Speybroeck, M.; Mellaerts, R.; Mols, R.; Thi, T.D.; Martens, J.A.; Van Humbeeck, J.; Annaert, P.; Van den Mooter, G.;
Augustijns, P. Enhanced absorption of the poorly soluble drug fenofibrate by tuning its release rate from ordered mesoporous
silica. Eur. J. Pharm. Sci. 2010, 41, 623–630. [CrossRef] [PubMed]

112. Bhujbal, S.V.; Mitra, B.; Jain, U.; Gong, Y.; Agrawal, A.; Karki, S.; Taylor, L.S.; Kumar, S.; Zhou, Q. Pharmaceutical amorphous
solid dispersion: A review of manufacturing strategies. Acta Pharm. Sin. B 2021, 11, 2505–2536. [CrossRef]

113. Alshehri, S.; Imam, S.S.; Hussain, A.; Altamimi, M.A.; Alruwaili, N.K.; Alotaibi, F.; Alanazi, A.; Shakeel, F. Potential of solid
dispersions to enhance solubility, bioavailability, and therapeutic efficacy of poorly water-soluble drugs: Newer formulation
techniques, current marketed scenario and patents. Drug Deliv. 2020, 27, 1625–1643. [CrossRef]

114. Klein, C.E.; Chiu, Y.L.; Awni, W.; Zhu, T.; Heuser, R.S.; Doan, T.; Breitenbach, J.; Morris, J.B.; Brun, S.C.; Hanna, G.J. The
tablet formulation of lopinavir/ritonavir provides similar bioavailability to the soft-gelatin capsule formulation with less
pharmacokinetic variability and diminished food effect. J. Acquir. Immune Defic. Syndr. 2007, 44, 401–410. [CrossRef]

115. Hughes, D.L. Patent Review of Manufacturing Routes to Recently Approved PARP Inhibitors: Olaparib, Rucaparib, and Niraparib.
Org. Process Res. Dev. 2017, 21, 1227–1244. [CrossRef]

116. Banerjee, S.; Shankar, K.R.; Prasad, Y.R. Formulation development and systematic optimization of stabilized ziprasidone
hydrochloride capsules devoid of any food effect. Pharm. Dev. Technol. 2016, 21, 775–786. [CrossRef]

117. Othman, A.A.; Cheskin, H.; Locke, C.; Nothaft, W.; Dutta, S. A Phase 1 Study to Evaluate the Bioavailability and Food Effect of 2
Solid-Dispersion Formulations of the TRPV1 Antagonist ABT-102, Relative to the Oral Solution Formulation, in Healthy Human
Volunteers. Clin. Pharmacol. Drug Dev. 2012, 1, 24–31. [CrossRef]

118. Junnuthula, V.; Boroujeni, A.S.; Cao, S.; Tavakoli, S.; Ridolfo, R.; Toropainen, E.; Ruponen, M.; van Hest, J.C.M.; Urtti, A.
Intravitreal polymeric nanocarriers with long ocular retention and targeted delivery to the retina and optic nerve head region.
Pharmaceutics 2021, 13, 445. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.molpharmaceut.5b00637
http://doi.org/10.1517/17425255.2013.769521
http://doi.org/10.1002/jps.2600731146
http://doi.org/10.2174/092986709789712835
http://doi.org/10.1038/sj.thj.6200113
http://doi.org/10.1023/A:1023088423667
http://doi.org/10.1016/j.ejpb.2006.07.001
http://doi.org/10.1128/AAC.00134-21
http://doi.org/10.1016/j.ijpharm.2012.02.004
http://doi.org/10.1208/s12249-016-0646-4
http://doi.org/10.1002/prp2.72
http://doi.org/10.1002/1099-081X(200001)21:1&lt;23::AID-BDD212&gt;3.0.CO;2-V
http://doi.org/10.3109/03639045.2014.950273
http://www.ncbi.nlm.nih.gov/pubmed/25138348
http://doi.org/10.3109/03639045.2014.971027
http://www.ncbi.nlm.nih.gov/pubmed/25342479
http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.1016/j.ejps.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20850527
http://doi.org/10.1016/j.apsb.2021.05.014
http://doi.org/10.1080/10717544.2020.1846638
http://doi.org/10.1097/QAI.0b013e31803133c5
http://doi.org/10.1021/acs.oprd.7b00235
http://doi.org/10.3109/10837450.2015.1055764
http://doi.org/10.1177/2160763X11430860
http://doi.org/10.3390/pharmaceutics13040445
http://www.ncbi.nlm.nih.gov/pubmed/33810242


Pharmaceutics 2022, 14, 1807 27 of 28

119. Devassy, G.; Ramachandran, R.; Jeena, K.; Junnuthula, V.R.; Gopinatha, V.K.; Manju, C.; Manohar, M.; Nair, S.V.; Raghavan, S.C.;
Koyakutty, M. Simultaneous release of two drugs from polymer nano-implant inhibits recurrence in glioblastoma spheroids.
Precis. Nanomed. 2019, 2, 218–229. [CrossRef]

120. Sarkar, A.; Junnuthula, V.; Dyawanapelly, S. Ocular therapeutics and molecular delivery strategies for neovascular age-related
macular degeneration (Namd). Int. J. Mol. Sci. 2021, 22, 10594. [CrossRef] [PubMed]

121. Jain, A.S.; Pawar, P.S.; Sarkar, A.; Junnuthula, V.; Dyawanapelly, S. Bionanofactories for green synthesis of silver nanoparticles:
Toward antimicrobial applications. Int. J. Mol. Sci. 2021, 22, 11993. [CrossRef]

122. Sarkar, A.; Sodha, S.J.; Junnuthula, V.; Kolimi, P.; Dyawanapelly, S. Novel and investigational therapies for wet and dry age-related
macular degeneration. Drug Discov. Today 2022, 27, 2322–2332. [CrossRef]

123. Ridolfo, R.; Tavakoli, S.; Junnuthula, V.; Williams, D.S.; Urtti, A.; Van Hest, J.C.M. Exploring the Impact of Morphology on
the Properties of Biodegradable Nanoparticles and Their Diffusion in Complex Biological Medium. Biomacromolecules 2021,
22, 126–133. [CrossRef]

124. Ramachandran, R.; Junnuthula, V.R.; Gowd, G.S.; Ashokan, A.; Thomas, J.; Peethambaran, R.; Thomas, A.; Unni, A.K.K.;
Panikar, D.; Nair, S.V.; et al. Theranostic 3-Dimensional nano brain-implant for prolonged and localized treatment of recurrent
glioma. Sci. Rep. 2017, 7, srep43271. [CrossRef]

125. Dyawanapelly, S.; Junnuthula, V.; Singh, A. The Holy Grail of Polymer Therapeutics for Cancer Therapy: An Overview on the
Pharmacokinetics and Bio Distribution. Curr. Drug Metab. 2015, 16, 522–537. [CrossRef]

126. Pailla, S.; Sampathi, S.; Junnuthula, V.; Maddukuri, S.; Dodoala, S.; Dyawanapelly, S. Brain-Targeted Intranasal Delivery of
Zotepine Microemulsion: Pharmacokinetics and Pharmacodynamics. Pharmaceutics 2022, 14, 978. [CrossRef]

127. Gera, S.; Sampathi, S.; Maddukuri, S.; Dodoala, S.; Junnuthula, V.; Dyawanapelly, S. Therapeutic Potential of Naringenin
Nanosuspension: In Vitro and In Vivo Anti-Osteoporotic Studies. Pharmaceutics 2022, 14, 1449. [CrossRef]

128. Khatik, R.; Dwivedi, P.; Junnuthula, V.R.; Sharma, K.; Chuttani, K.; Mishra, A.K.; Dwivedi, A.K. Potential in vitro and in vivo
colon specific anticancer activity in a HCT-116 xenograft nude mice model: Targeted delivery using enteric coated folate modified
nanoparticles. RSC Adv. 2015, 5, 16507–16520. [CrossRef]

129. Al-Kassas, R.; Bansal, M.; Shaw, J. Nanosizing techniques for improving bioavailability of drugs. J. Control. Release 2017,
260, 202–212. [CrossRef] [PubMed]

130. Sinha, B.; Müller, R.H.; Möschwitzer, J.P. Bottom-up approaches for preparing drug nanocrystals: Formulations and factors
affecting particle size. Int. J. Pharm. 2013, 453, 126–141. [CrossRef]

131. Rangaraj, N.; Pailla, S.R.; Chowta, P.; Sampathi, S. Fabrication of Ibrutinib Nanosuspension by Quality by Design Approach:
Intended for Enhanced Oral Bioavailability and Diminished Fast Fed Variability. AAPS PharmSciTech 2019, 20, 326. [CrossRef]
[PubMed]

132. Sauron, R.; Wilkins, M.; Jessent, V.; Dubois, A.; Maillot, C.; Weil, A. Absence of a food effect with a 145 mg nanoparticle fenofibrate
tablet formulation. Int. J. Clin. Pharmacol. Ther. 2006, 44, 64–70. [CrossRef] [PubMed]

133. Guivarc’h, P.H.; Vachon, M.G.; Fordyce, D. A new fenofibrate formulation: Results of six single-dose, clinical studies of
bioavailability under fed and fasting conditions. Clin. Ther. 2004, 26, 1456–1469. [CrossRef]

134. Wu, Y.; Loper, A.; Landis, E.; Hettrick, L.; Novak, L.; Lynn, K.; Chen, C.; Thompson, K.; Higgins, R.; Batra, U.; et al. The role of
biopharmaceutics in the development of a clinical nanoparticle formulation of MK-0869: A Beagle dog model predicts improved
bioavailability and diminished food effect on absorption in human. Int. J. Pharm. 2004, 285, 135–146. [CrossRef]

135. Deschamps, B.; Musaji, N.; Gillespie, J.A. Food effect on the bioavailability of two distinct formulations of megestrol acetate oral
suspension. Int. J. Nanomed. 2009, 4, 185–192. [CrossRef]

136. AboulFotouh, K.; Allam, A.A.; El-Badry, M.; El-Sayed, A.M. Role of self-emulsifying drug delivery systems in optimizing the oral
delivery of hydrophilic macromolecules and reducing interindividual variability. Colloids Surf. B Biointerfaces 2018, 167, 82–92.
[CrossRef]

137. Cao, M.; Xue, X.; Pei, X.; Qian, Y.; Liu, L.; Ren, L.; Chen, G. Formulation optimization and pharmacokinetics evaluation of oral
self-microemulsifying drug delivery system for poorly water soluble drug cinacalcet and no food effect. Drug Dev. Ind. Pharm.
2018, 44, 969–981. [CrossRef]

138. Xue, X.; Cao, M.; Ren, L.; Qian, Y.; Chen, G. Preparation and Optimization of Rivaroxaban by Self-Nanoemulsifying Drug Delivery
System (SNEDDS) for Enhanced Oral Bioavailability and No Food Effect. AAPS PharmSciTech 2018, 19, 1847–1859. [CrossRef]
[PubMed]

139. O’Shea, J.P.; Holm, R.; O’Driscoll, C.M.; Griffin, B.T. Food for thought: Formulating away the food effect—A PEARRL review. J.
Pharm. Pharmacol. 2019, 71, 510–535. [CrossRef] [PubMed]

140. Michaelsen, M.H.; Wasan, K.M.; Sivak, O.; Müllertz, A.; Rades, T. The Effect of Digestion and Drug Load on Halofantrine
Absorption from Self-nanoemulsifying Drug Delivery System (SNEDDS). AAPS J. 2016, 18, 180–186. [CrossRef] [PubMed]

141. Imada, C.; Takahashi, T.; Kuramoto, M.; Masuda, K.; Ogawara, K.I.; Sato, A.; Wataya, Y.; Kim, H.S.; Higaki, K. Improvement
of oral bioavailability of n-251, a novel antimalarial drug, by increasing lymphatic transport with long-chain fatty acid-based
self-nanoemulsifying drug delivery system. Pharm. Res. 2015, 32, 2595–2608. [CrossRef]

142. Tong, Y.; Zhang, Q.; Shi, W.; Wang, J. Mechanisms of oral absorption improvement for insoluble drugs by the combination of
phospholipid complex and SNEDDS. Drug Deliv. 2019, 26, 1155–1166. [CrossRef] [PubMed]

http://doi.org/10.33218/prnano2(1).181122.1
http://doi.org/10.3390/ijms221910594
http://www.ncbi.nlm.nih.gov/pubmed/34638935
http://doi.org/10.3390/ijms222111993
http://doi.org/10.1016/j.drudis.2022.04.013
http://doi.org/10.1021/acs.biomac.0c00726
http://doi.org/10.1038/srep43271
http://doi.org/10.2174/1389200216666141219122614
http://doi.org/10.3390/pharmaceutics14050978
http://doi.org/10.3390/pharmaceutics14071449
http://doi.org/10.1039/C4RA15114C
http://doi.org/10.1016/j.jconrel.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28603030
http://doi.org/10.1016/j.ijpharm.2013.01.019
http://doi.org/10.1208/s12249-019-1524-7
http://www.ncbi.nlm.nih.gov/pubmed/31659558
http://doi.org/10.5414/CPP44064
http://www.ncbi.nlm.nih.gov/pubmed/16502765
http://doi.org/10.1016/j.clinthera.2004.09.015
http://doi.org/10.1016/j.ijpharm.2004.08.001
http://doi.org/10.2147/ijn.s6308
http://doi.org/10.1016/j.colsurfb.2018.03.034
http://doi.org/10.1080/03639045.2018.1425428
http://doi.org/10.1208/s12249-018-0991-6
http://www.ncbi.nlm.nih.gov/pubmed/29637496
http://doi.org/10.1111/jphp.12957
http://www.ncbi.nlm.nih.gov/pubmed/29956330
http://doi.org/10.1208/s12248-015-9832-7
http://www.ncbi.nlm.nih.gov/pubmed/26486790
http://doi.org/10.1007/s11095-015-1646-x
http://doi.org/10.1080/10717544.2019.1686086
http://www.ncbi.nlm.nih.gov/pubmed/31736393


Pharmaceutics 2022, 14, 1807 28 of 28

143. Porter, C.J.H.; Trevaskis, N.L.; Charman, W.N. Lipids and lipid-based formulations: Optimizing the oral delivery of lipophilic
drugs. Nat. Rev. Drug Discov. 2007, 6, 231–248. [CrossRef] [PubMed]

144. Cherniakov, I.; Domb, A.J.; Hoffman, A. Self-nano-emulsifying drug delivery systems: An update of the biopharmaceutical
aspects. Expert Opin. Drug Deliv. 2015, 12, 1121–1133. [CrossRef] [PubMed]

145. Christiansen, M.L.; Holm, R.; Abrahamsson, B.; Jacobsen, J.; Kristensen, J.; Andersen, J.R.; Müllertz, A. Effect of food intake and
co-administration of placebo self-nanoemulsifying drug delivery systems on the absorption of cinnarizine in healthy human
volunteers. Eur. J. Pharm. Sci. 2016, 84, 77–82. [CrossRef]

146. Miao, Y.; Sun, J.; Chen, G.; Lili, R.; Ouyang, P. Enhanced oral bioavailability of lurasidone by self-nanoemulsifying drug delivery
system in fasted state. Drug Dev. Ind. Pharm. 2015, 42, 1234–1240. [CrossRef]

147. Miao, Y.; Chen, G.; Ren, L.; Pingkai, O. Characterization and evaluation of self-nanoemulsifying sustained-release pellet
formulation of ziprasidone with enhanced bioavailability and no food effect. Drug Deliv. 2016, 23, 2163–2172. [CrossRef]

148. Hong, J.Y.; Kim, J.K.; Song, Y.K.; Park, J.S.; Kim, C.K. A new self-emulsifying formulation of itraconazole with improved
dissolution and oral absorption. J. Control. Release 2006, 110, 332–338. [CrossRef] [PubMed]

149. Dening, T.J.; Rao, S.; Thomas, N.; Prestidge, C.A. Silica encapsulated lipid-based drug delivery systems for reducing the fed/fasted
variations of ziprasidone in vitro. Eur. J. Pharm. Biopharm. 2016, 101, 33–42. [CrossRef] [PubMed]

150. Hansen, C.M. The universality of the solubility parameter. Ind. Eng. Chem. Prod. Res. Dev. 1969, 8, 2–11. [CrossRef]
151. Bushra, R.; Aslam, N.; Khan, A.Y. Food-drug interactions. Oman Med. J. 2011, 26, 77–83. [CrossRef] [PubMed]
152. ACR Committee on Drugs and Contrast Media. ACR Manual on Contrast Media; ACR: Reston, VA, USA, 2013; Volume 105, p. 128.
153. FDA. Food-Effect Bioavailability and Fed Bioequivalence Studies. J. Korean Pharm. Sci. 2004, 34, 223–228. [CrossRef]
154. Chen, S.Q. Controlled Release Compositions with Reduced Food Effect. CN103037849A, 10 April 2013.
155. NOAA. United States: United States. European Journal of Political Research Political Data Yearbook; NOAA: Washington, DC, USA,

2020; pp. 2–4.
156. Zheng, A.P. Puerarin Nanocrystalline Medical Composition and Preparation Method Thereof. CN103211759B, 8 July 2015.
157. Genovéva, F. Nanostructured Sildenafil Base, Its Pharmaceutically Acceptable Salts and Co-Crystals, Compositions of Them,

Process for the Preparation Thereof and Pharmaceutical Compositions Containing Them. US9504652B2, 18 June 2010.
158. Malhotra, G. Pharmaceutical Composition Comprising Abiraterone. WO2015114314A1, 6 August 2015.
159. Givalucci, P. Fibrate-Statin Combination with Reduced Fed-Fasting Effect. JP2004523552A, 5 August 2014.
160. Rudy, S.B. Nanoparticulate Fibrate Formulations. KR101300654B1, 28 August 2013.
161. Filipcsei, G.; Ötvös, Z. Nanostructured Aprepitant Compositions, Process for the Preparation Thereof and Pharmaceutical

Compositions Containing Them. U.S. Patent 9,504,652, 29 November 2018.
162. Guivarch, P.H. Micropartículas de Fibrato Estabilizadas. ES2372746T3, 26 January 2012.
163. Woelfel, K. Cannabinoid Compositions and Methods of Preparation Thereof. US20190015383A1, 17 January 2019.
164. Grahek, R. Nanosuspension of Abiraterone Acetate. WO2014009436A1, 16 January 2014.
165. Kallem, V.R. Reduced Dose Pharmaceutical Compositions of Fenofibrate. CH707330A2, 13 June 2014.
166. Neville, D. Nanoparticulate Cinacalcet Compositions. US9012511B2, 21 April 2015.
167. Nilsson, G. Controlled Food Effect Composition. US20080044486A1, 21 February 2008.
168. Filipcsei, G. Nanoparticulate Telmisartan Compositions and Process for the Preparation Thereof. US20120135053A1, 31 May 2012.
169. Rizzarelli, E. Carnosine Derivatives, A Process for the Preparation Thereof and Pharmaceutical Compositions Containing Them.

EP1176154A1, 30 January 2002.
170. Livesage, G. Nanoparticulate Corticosteroid and Antihistamine Formulations. CN101180038A, 14 May 2008.
171. Douglas, H. Nanoparticulate Megestrol Formulations. KR20080024213A, 17 March 2008.
172. Genoveva, P. Nanoparticulate Olmesartan Medoxomil Composition, Method for Its Preparation, and Pharmaceutical Composition

Containing Them. JP2012530126A, 29 November 2012.
173. Bosch, W.H. Compositions of Nanoparticles of Inhibitors of Protein Kinase ACTIVATED by mitogen (Map). ES2302925T3,

1 August 2008.
174. Shaw, K. Nanoparticulate Formulations and Methods for the Making and Use Therof. US20090004262A1, 1 January 2009.
175. Awadesh, M.K. Oral dosage forms comprising fenofibrate. JP2005535582A, 12 August 2010.
176. Jenkins, S. Nanoparticulate Tacrolimus Formulations. CN101132768A, 27 February 2008.
177. Dhingra, O.; Bernstein, J.S. Emulsion Formulations. US20130303495A1, 14 November 2013.
178. Dong, X. Situ Self-Assembling pro-Nanoparticle Compositions and Methods of Preparation and Use Thereof. US20170112775A1,

27 April 2017.
179. Hustvedt, S.O. A Composition Comprising A Lipid Compound, a TRIGLYCERIDE, and a Surfactant, and Methods of Using the

Same. WO2014132134A1, 4 September 2014.
180. Kola, I.; Landis, J. Can the pharmaceutical industry reduce attrition rates? Nat. Rev. Drug Discov. 2004, 3, 711–716. [CrossRef]

http://doi.org/10.1038/nrd2197
http://www.ncbi.nlm.nih.gov/pubmed/17330072
http://doi.org/10.1517/17425247.2015.999038
http://www.ncbi.nlm.nih.gov/pubmed/25556987
http://doi.org/10.1016/j.ejps.2016.01.011
http://doi.org/10.3109/03639045.2015.1118496
http://doi.org/10.3109/10717544.2014.950768
http://doi.org/10.1016/j.jconrel.2005.10.002
http://www.ncbi.nlm.nih.gov/pubmed/16297483
http://doi.org/10.1016/j.ejpb.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26812284
http://doi.org/10.1021/i360029a002
http://doi.org/10.5001/omj.2011.21
http://www.ncbi.nlm.nih.gov/pubmed/22043389
http://doi.org/10.4333/kps.2004.34.3.223
http://doi.org/10.1038/nrd1470

	Introduction 
	Factors Influencing Fast-Fed Variability 
	Anatomical and Physiological Factors 
	Gastrointestinal Transit 
	Gastric pH 
	Enzyme Content and Transporters 
	Hormonal Changes 
	Gastric Fluid Volume and Micellar Solubilization of Lipophilic Drugs 

	Demographic and Genetic Factors 
	Drug-Specific Factors 
	Charge 
	Partition Coefficient 
	Molecular Weight 
	Solubility 
	Particle Size and Surface Area 
	Pharmacokinetic Factors 

	Formulation-Related Factors 

	Formulation Strategies to Overcome Fast-Fed Variability 
	Prodrugs 
	Cyclodextrin Complexation 
	Osmotic Delivery System 
	Amorphous Solid Dispersion 
	Nanocrystal Technology 
	Lipid-Based Systems 

	Interplay of Different Molecular Properties Contributing to Fast-Fed Variability 
	Regulatory Aspects 
	Concluding Remarks 
	References

