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Preface to ”Gastrointestinal Variables and Drug

Absorption: Experimental, Computational and In
Vitro Predictive Approaches”

Gastrointestinal (GI) variables dictate the fate of any orally administered drug product. In vivo

product disintegration, dissolution, transit, and drug permeation determine the absorption rate

and extent. Nevertheless, the gut remains the final frontier at many levels, which will need new

navigation methods to unravel how its dynamic changes, either in healthy subjects or in patients,

in fasted or fed state, affect and are affected by pharmaceutical products. In the last several decades,

human intubation studies or dosage-form-like sensors have provided new information about transit,

motility, fluid volumes, and composition. Non-invasive methods such as MRI are being validated for

characterizing those variables and completing our partial picture of the in vivo dissolution process.

Combined with computational fluid dynamic experiments, these methods will permit the design of

new dissolution devices covering the adequate range of critical variables adapted to all BCS classes

as drug-product development tools and eventually bioequivalence test devices.

Marival Bermejo

Special Issue Editor
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Abstract: The main objective of this review is to discuss recent advancements in the overall
investigation and in vivo prediction of drug absorption. The intestinal permeability of an orally
administered drug (given the value Peff) has been widely used to determine the rate and extent of
the drug’s intestinal absorption (Fabs) in humans. Preclinical gastrointestinal (GI) absorption models
are currently in demand for the pharmaceutical development of novel dosage forms and new drug
products. However, there is a strong need to improve our understanding of the interplay between
pharmaceutical, biopharmaceutical, biochemical, and physiological factors when predicting Fabs

and bioavailability. Currently, our knowledge of GI secretion, GI motility, and regional intestinal
permeability, in both healthy subjects and patients with GI diseases, is limited by the relative
inaccessibility of some intestinal segments of the human GI tract. In particular, our understanding of
the complex and highly dynamic physiology of the region from the mid-jejunum to the sigmoid colon
could be significantly improved. One approach to the assessment of intestinal permeability is to use
animal models that allow these intestinal regions to be investigated in detail and then to compare the
results with those from simple human permeability models such as cell cultures. Investigation of
intestinal drug permeation processes is a crucial biopharmaceutical step in the development of oral
pharmaceutical products. The determination of the intestinal Peff for a specific drug is dependent on
the technique, model, and conditions applied, and is influenced by multiple interactions between the
drug molecule and the biological membranes.

Keywords: intestinal permeability; intestinal drug absorption; experimental and computational
permeability methods

1. Introduction

Bioavailability is a key pharmacokinetic parameter that represents the fraction of an orally
administered drug that reaches the systemic circulation in an uncharged molecular form (Equation (1)):

F = Fabs × (1 − EG) × (1 − EH) (1)

where F is the bioavailability, and EG and EH are the fractions extracted in the gut wall and liver,
respectively. The fraction of the dose that is absorbed (Fabs) and its absorption rate are largely determined
by the following biopharmaceutical factors: the dissolution, solubility, luminal stability (chemical
and/or enzymatic), intestinal transit time, and intestinal permeability of the active pharmaceutical
ingredient (API). In order to achieve a sufficiently high systemic bioavailability, most drug products
require pharmaceutical development to produce a plasma concentration-time profile that provides
the optimal pharmacodynamic response and acceptable side effects. This is especially important for
modified-release (MR) products, which are designed to improve the pharmacodynamic response. In
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general, oral products with poor bioavailability (F below 25%–35%) are recognized as having wider
intra- and interindividual variability in plasma exposure (C.V. > 60%–120%) [1]. In 1996, Hellriegel
et al. reported an inverse association between the bioavailability of oral drug products and the total
variability of the bioavailability parameter. Now, more than two decades later, we know a little more
about the reasons for poor and highly variable bioavailability values for oral pharmaceutical products.
However, we still need to understand significantly more about the interactions between advanced oral
dosage forms and the complex and dynamic gastrointestinal (GI) physiology of both healthy subjects
and patients at all ages, from new-born to elderly, before these dynamic processes can be considered
to be sufficiently understood [2]. It is crucial to obtain this knowledge so that it can be incorporated
into sophisticated software that can then be applied in decision-making in drug development and
regulatory work.

To accomplish high bioavailability and low variability for oral pharmaceutical products, the API
needs to be dissolvable and stable in the GI lumen, and also sufficiently absorbed at relevant sites in the
small and large intestine. The regional intestinal effective permeability (Peff) is a key biopharmaceutical
parameter that determines the absorption potential of the API from any dosage form [3]. Knowledge
of the extent of drug absorption from the human large intestine is especially important for accurately
predicting the manufacturing potential of a dosage form. The colon, as the final major organ in the GI
tract, plays a key role in regulating diarrhea, constipation and the microflora composition, as well as
delivery of drugs that are intended for prolonged release and administered once daily [4]. Although the
regional intestinal Peff is an important biopharmaceutical parameter, the final drug absorption profile
for a drug in the intestinal tract is determined by the interplay of various processes such as motility,
transit, solubility, dissolution, precipitation and stability. The Biopharmaceutics Classification System
(BCS) of drugs provides information relevant to understanding and predicting GI drug absorption and
bioavailability in general that is also relevant to the absorption potential for the colon [5,6].

There are many GI absorption models that investigate transport mechanisms, determine the
Peff and predict the plasma pharmacokinetic profile throughout the drug discovery/development
process [7]. These models are often applied in the following order: in silico, in vitro, in situ and, most
importantly, in vivo (Figure 1). In silico simulation of the absorption process from the GI tract has
recently been used to optimize the API release rate, dose and dose distribution from the various release
fractions in MR dosage forms. The accurate, reliable in silico prediction of GI absorption data for novel
APIs and their dosage forms, vital for drug discovery and pharmaceutical product development, is
a major challenge. Establishing an in vitro-in vivo link is also important, as emphasized in a recent
report on patient-centric drug development from a product quality perspective [8]. Modeling and
simulation approaches are used to characterize this in vitro-in vivo link with respect to the influence
and clinical relevance of disease. Recently, eleven large pharmaceutical companies responded to a
questionnaire regarding their use of in vitro and in silico biopharmaceutics tools for predicting in vivo
outcomes. The companies are using these predictive models at various drug development stages,
during regulatory contact for, for example, scientific advice, and for drug applications of various
kinds [9]. Biorelevant dissolution-absorption physiologically based pharmacokinetic (PBPK) modeling
and simulation were used by 88% of the responding companies in early drug development processes.
The biopharmaceutical models were especially useful for investigating the impact of API particle size
on intestinal drug absorption and for investigating different pharmaceutical dosage forms.
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Figure 1. Gastrointestinal (GI) non-clinical absorption models ranked according to the order
of their use in the drug discovery/development process for investigating transport mechanisms,
determining intestinal permeability, and predicting plasma pharmacokinetic profiles. API = active
pharmaceutical ingredient; PBPK = physiologically based pharmacokinetics; QSAR = quantitative
structure-activity relationships.

Extensive early human research has established that a good correlation exists between Peff

determined using the SPIP model and the Fabs from an immediate-release, dosage form [10].
Pharmacokinetic/mass-balance clinical studies are the best way of determining the fraction absorbed
for an orally administered drug. However, these mass balance studies are very complex and expensive,
as they require the API to be radiolabeled to enable validation of the drug and metabolite recovery [11].
Since the Food and Drug Administration (FDA) and European Medicines Agency bioequivalence
guidelines use the Fabs to classify the permeation of drugs through the intestine in the BCS, the FDA
BCS guidance committee have suggested using Fabs as a surrogate for Peff [12].

The main objective of this review is to discuss recent advancements in the overall investigation
and in vivo prediction of GI drug absorption. Intestinal Peff has been widely used to determine the rate
and extent of the intestinal absorption of orally administered drugs in humans. Among the various
biopharmaceutical processes discussed, the focus of the review will be on intestinal permeability at
different sites along the intestine.

2. In Silico Gastrointestinal Absorption Predictions

In silico methods are now becoming widely used by the pharmaceutical industry and regulatory
agencies to support decisions regarding dosage form development, bioequivalence and other
bridging development processes. Pharmaceutical characteristics such as the particle size of the
API and the coating layer, which affect the dissolution and subsequent intestinal absorption of
the drug, and the plasma drug concentration-time profile are often applied [8]. Another common
application for theoretical predictive software is to establish intestinal permeability and the quantitative
structure-activity relationship (QSAR). These computer programs relate various molecular descriptors
and physicochemical properties of the drug molecule (e.g., lipophilicity, the logarithmic acid dissociation
constant pKa, hydrogen bonds, molecular mass) to crucial biopharmaceutical processes [13]. The
success of a computational approach in predicting membrane permeability in the early high-throughput
drug discovery phase is dependent on the statistical approach, the choice of molecular descriptors,
and the quality of the experimental permeability data. The QSAR approach is consequently of limited
use in the drug development process; it is primarily used for excluding molecules with obvious
permeability limitations [14]. However, because of the increase in computer power, studies of drug
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permeation can now be performed using complex molecular simulations. These models can simulate
the interaction between a molecule and a biological membrane, and thereby improve our mechanistic
understanding of membrane transport [15,16]. Pharmaceutical scientists interested in developing MR
dosage forms have focused their efforts on optimization of drug transport across biological membranes
in the small and large intestines. For instance, the formation of intramolecular hydrogen bonds in the
lipid bilayer, charge neutralization, and formation of zwitterions have been investigated for optimizing
oral drug delivery through lipid bilayers. Alternatively, specific transporter proteins may be targeted
by developing structural adaptations or by using a prodrug. In silica software programs for permeation
models and hydrodynamic flow models based on chemical engineering approaches have been valuable
in optimizing structure-activity relationships to retain key biopharmaceutical properties [17,18].

More complex in silico models are used to predict overall GI absorption and plasma drug
concentration-time profiles following oral administration of drugs. These simulations depend on
API-specific physiochemical properties, such as solubility and logarithmic distribution coefficient (log
D), and other drug parameters, such as disintegration and dissolution rates, physiological parameters
(e.g., intestinal pH, transit times, and morphology), flow characteristics, and the drug first-pass effects
in gut and liver, as well as subsequent disposition in vivo [19]. Computer simulations should ideally
integrate experimental in vitro and in vivo data to increase their accuracy [20]. However, the accuracy
of these models in predicting the fraction absorbed from well characterized physicochemical and
biopharmaceutical factors is currently too low to compete with experimental in vitro and in vivo studies
in drug development [21]. Nonetheless, a validated in silico model could be useful for evaluating, for
instance, the impact of changes in drug formulation or drug-drug and food-drug interactions, which
could help guide the design of both preclinical studies (for instance, toxicokinetic studies for safety
evaluation) and clinical studies [22].

The full results of the survey by Flanagan et al. in 2016 revealed that biorelevant dissolution testing
in simulated media and physiologically based dissolution and PBPK studies are widely used for oral
drug product development by the European Federation of Pharmaceutical Industries and Associations
(EFPIA) participants in the Innovative Tools for Oral Biopharmaceutics (OrBiTo) project, to investigate
the interplay between various biopharmaceutics factors [23]. When in vitro dissolution investigation
is introduced in the projects, 80% of the companies use biorelevant dissolution media (SGF, FaSSIF,
FeSSIF) in the first step, prior to using simplified buffers for BCS class II and IV APIs. In addition, the
survey indicated that these data are seldom presented to regulators. Approximately 70% of companies
seldom or never submit these biorelevant dissolution data at the investigational new drug stage, and
the corresponding fraction at the new drug application/marketing authorization application stage is
60%. The potential usefulness of in vitro dissolution studies performed in biorelevant media for quality
control release testing was also considered. Three PBPK software packages (GI-Sim, Simcyp® Simulator,
and GastroPlus™) were tested and compared within the OrBiTo project during a blinded “bottom-up”
study of human pharmacokinetics. It was found that the bioavailability of orally administered APIs
that permeated the intestine poorly was underpredicted, probably because accurate and physiologically
relevant estimates of the intestinal surface area, the absorption properties from the large intestine,
and/or the role and importance of transport-mediated intestinal permeation were not available [24–26].
The bioavailability of APIs with acidic pKa was underpredicted, possibly because of underestimation
of intestinal permeation (role of ionization and transport-mediated absorption) and/or underestimation
of the luminal solubilization of weak acids as a result of less-than-optimal intestinal pH settings or
underestimation of the bile micelle contribution. The bioavailability of weak bases was overpredicted,
suggesting inadequate models of luminal precipitation or absence of in vitro precipitation information.
The relative bioavailability of both highly hydrophobic compounds and poorly aqueous-soluble APIs
was underpredicted, suggesting inadequate models of solubility/dissolution, underperforming bile
dissolution enhancement models and/or lack of biorelevant solubility measurements. These results
clearly identify areas for improvement in theoretically based software, modeling strategies, and
production of relevant experimental input data.

4
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One emerging area in the in silico prediction of fraction absorbed and bioavailability that has gained
regulatory interest and is being prioritized to justify product specifications or formulation/process
changes is the use of integrated in silico PBPK absorption models in combination with high quality
biopharmaceutical in vitro data [19,27]. For instance, the in silico approach may be useful for
demonstrating the bioequivalence of different formulation concepts, defining the API and formulation
design space and manufacturing controls, anticipating post-approval manufacturing changes and
obtaining biowaivers.

3. Gastrointestinal Experimental Absorption Models

Preclinical GI absorption models are currently in demand for the pharmaceutical development
of novel dosage forms and new drug products. However, we need to improve our understanding
of the interplay between pharmaceutical, biopharmaceutical, biochemical and physiological factors
in determining the fraction absorbed and bioavailability before reliable models can be developed.
Currently, our knowledge of GI secretion, GI motility and regional intestinal permeability, in both
healthy subjects and patients with GI disease, is limited by the relative inaccessibility of some intestinal
segments of the human GI tract [28]. Conventional clinical approaches of exploring and collecting GI
content remain invasive, resource intensive, and often unable to capture all the information contained
in these heterogeneous GI samples. A new class of GI sampling capsules is available, which is based
on an intra-luminal technique that offers the possibilities of the spatial and temporal information of
the GI samples [29]. The future use of these clinical techniques in oral biopharmaceutics expects to
improve our understanding of the GI processes involved in oral drug delivery. Our understanding of
the complex and highly dynamic physiology of the region from mid-jejunum to the sigmoid colon in
particular could be significantly improved. One approach to the assessment of intestinal permeability
is to use animal models that allow these intestinal regions to be investigated in detail and then to
compare the results with those from simple human permeability models such as cell cultures.

3.1. In Situ

The various in situ models for determining Peff are often based on disappearance of the drug
from a defined perfused intestinal segment. The selected intestinal segment may be continuously
perfused, as in the single-pass intestinal perfusion (SPIP) model, or be closed off, as in the closed-loop
Doluisio model [30]. Intestinal Peff is calculated in different ways depending on the hydrodynamics in
the specific model.

The SPIP model is generally used after the drug discovery phase and in the early formulation
development stage of drug development, when more relevant biopharmaceutical data are needed.
One major advantage of the SPIP model is that it enables relevant mechanistic investigations of drug
absorption and anticipates the effects of various physiological processes. Some of the advantages of
the SPIP model over in vitro models are the intact intestinal morphology, the presence of blood flow,
the presence of neural and hormonal feed-back mechanisms and the possibility to control luminal
conditions [31].

The rat SPIP model is commonly used to investigate GI physiology, membrane drug transport,
and the potential for a new drug candidate to be formulated in an oral MR dosage form. The potentially
negative effects of abdominal surgery in this model are reduced by concomitant treatment of the rats
with parecoxib, a selective cyclo-oxygenase-2 inhibitor that has been shown to positively affect some
intestinal functions such as GI motility, epithelial permeability, fluid flux, and ion transport [32–34].
However, in a recent SPIP study, treatment with parecoxib had only minimal effects on membrane
permeability and water flux [35]. It was also established that the permeability of the intestine to poorly
permeating drugs is best determined on the basis of the appearance of the parent drug in plasma rather
than the disappearance of the drug from the perfused intestinal segment (Figure 2) [35]. A study by
Dahlgren et al. in 2019 also clearly showed that when the intestinal Peff is estimated using luminal
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disappearance, it should include negative values in the calculation to increase the accuracy of the final
Peff [35].

 
Figure 2. Schematic illustration of the deconvolution-permeability model, which can be used to
determine the regional intestinal permeability of model drugs based on their appearance in the
plasma following intravenous and intraintestinal administration of the drug in solution [36]. The
method has been successfully applied to determination of intestinal permeability in rats, dogs, and
humans [3,31,33,35,37,38]. SPIP = single-pass intestinal perfusion.

3.2. In Vivo

Classical in vivo single-dose pharmacokinetic models in which drug solutions or formulations
are administered orally, or directly into the stomach or intestine in suitable animal species, may also be
used to investigate the Peff, the fraction absorbed and the bioavailability. In such studies, the value for
the fraction absorbed includes the impact of other biopharmaceutical processes such as dissolution,
precipitation, transit, etc. [37]. These in vivo animal models are the most clinically relevant because
physiological factors, such as gastric emptying time, luminal water content and drug degradation, and
post-absorption first-pass metabolism affect the determined parameters and the predicted outcome.
These types of models are obviously less applicable for mechanistic studies of intestinal absorption, as
the relative impact of the different factors can be difficult to assess in detail.

When using these in vivo GI models, motility is defined as movements of the GI tract that cause
mixing and transit of luminal chyme above the absorptive and secretary intestinal surface. These
mixing and transit processes are located both in the lumen and in the area adjacent to the intestinal
epithelium, and are coordinated and regulated through a complex circuitous interaction between a
number of physiological systems including, but not limited to, the enteric, autonomic, and central
nervous systems. It has been suggested that long-distance and short-distance motor activities in the
GI tract could interact to propel undigested luminal chyme along the tract, where regional mixing
promotes intestinal absorption [39]. If disturbances occur in any of these systems, it could disrupt the
coordination of the propulsive peristalsis, potentially leading to dysmotility and ultimately various
GI-specific symptoms. The relevance of these motility patterns to the intestinal absorption of drugs
and nutrients is an important research topic for the future.

It is also crucial to consider the effects that these GI digestive processes may have on the intestinal
absorption of drugs from different formulations and the local effects of some drugs with targets in
the lumen (luminal enzymes such as lipases and α-amylases) or receptors on the luminal side of
the epithelium. When isolated from the central nervous system, the gut is the only organ that has
integrative neuronal activity. This activity may be stimulated by luminal contents that act as specific
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sensory transducers on certain specific epithelial cells, such as enterochromaffin cells, which release
5-hydroxytryptamine. 5-hydroxytryptamine stimulate intrinsic and extrinsic primary afferent neurons
that are present in both the submucosal and myenteric plexuses. The role of integrative neuronal and
local endocrine effects on intestinal absorption needs to be better understood.

3.3. In Vitro

Common in vitro models for studying membrane permeability include monolayers of cells grown
on cell culture filters (e.g., Caco-2 cells), and excised intestinal tissue samples mounted in a diffusion
(Ussing) chamber. The apparent permeability (Papp) is calculated by relating the mass of the drug
appearing in the receiver chamber at multiple time points (dM/dt) to the area of the barrier (A), and the
drug concentration in the donor chamber (Cdonor) [40–42]. The intestinal Papp is an intrinsic constant
associated with a molecule that relates the flux to the concentration gradient; it can therefore be
used to predict drug transport over any type of biological cell barrier by adjusting for, for instance,
area, hydrodynamics and the pH of the medium. In addition, the controlled aqueous conditions in a
cell-based in vitro system offer the possibility of performing mechanistic transport investigations if the
expression and function of the involved proteins are accurate [43,44]. The Ussing chamber system
enables regional intestinal permeability [7]. Limitations associated with these models include the high
inter- and intra-laboratory variability, and sensitivity of the cell/tissue to the preparation setup and
chamber media. For permeability investigations in drug discovery, it is therefore recommended that
relative Papp values (compared to reference standards) be used, instead of absolute Papp values [45].
The BCS can also be used to predict in vivo drug absorption based on in vitro drug dissolution data [6].
It is also well established that these systems are more sensitive for pharmaceutical excipients and
enhancers with intended absorption-modifying properties.

One recent and exciting advancement of an in vitro intestinal absorption models is intestinal
organoids [46]. Organoid technology from various species bridges the gap between conventional
two-dimensional cell line culture and in vivo models [47–49]. One of the objective with this in vitro
approach is to improve organ development and accordingly improve the in vivo relevance. Intestinal
organoids is expected to become a useful drug development technology for various biopharmaceutical
and pharmacokinetic analysis and in vivo predictions.

4. Intestinal Membrane Transport

The movement of ions, transmitter compounds, nutrients and other endogenous substances
across various biological membranes is a central dynamic molecular process that is essential for life
in mammals. Selective permeability is a key feature of biological membranes and is determined
by the physicochemical properties of the lipid bilayer and the channel-forming membrane proteins
together with the physicochemical properties and molecular structure of the drug molecules. These
transport processes across biological membranes with a diverse composition occur via direct and
indirect energy-demanding carrier-mediated (CM) mechanisms even against a concentration gradient.
Facilitated membrane diffusion, passive membrane diffusion and paracellular diffusion occur along a
concentration gradient. Biological membranes encapsulate cells and their contents to optimize the
various functions that cells are responsible for in a living organism. At the core of any biological
membrane is a lipid bilayer, which in vivo can be composed of hundreds of different types of lipid
molecules. Membrane lipids have amphiphilic molecular properties with a polar head group and a
non-polar tail comprising esterified fatty acids. These lipid molecules vary widely in terms of size,
chemical structure and polarity and can be combined and assembled to provide a wide variety of
physical properties and functions.

Movement of drugs across various membranes is essential for many pharmacokinetic and
pharmacodynamic processes. The basic nature of drug transport is divided into transcellular and
paracellular processes, where the transcellular route is the most common (Figure 3). Transcellular
transport, either passive diffusion or CM, occurs across the intestinal cell (enterocyte), through both the
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apical and basolateral membranes. Paracellular transport occurs between the epithelial cells. During
the last decade, a large number of published articles have discussed the existence and role of passive
diffusion across biological membranes as a relevant mechanism [50–53]. The overall conclusion is that
passive transcellular diffusion is the predominant mechanism for transfer of drug substances, but that
this co-exists with CM trans-membrane processes.

 

Figure 3. The transport mechanisms from the lumen across the intestinal epithelium, which determine
the net permeability of a luminally dissolved drug molecule. (1) Passive transcellular diffusion;
(2) absorptive carrier-mediated transport; (3) efflux carrier-mediated transport; and (4) passive
paracellular diffusion.

The pH partitioning theory states that the charged species of a weak acid or base do not contribute
to passive lipoidal diffusion across the cell lipid bilayer, as they do not partition into octanol [54]. The
permeation of these molecules is highly dependent on the pH at the surface of the lipid cell membrane
and the pKa of the drug [20]. This has been experimentally illustrated in the Caco-2 cell monolayer
model, where the transport of alfentanil and cimetidine was linearly correlated to the un-ionized
fraction (i.e., the pH) [55]. The pH also affects the transport of propranolol in Caco-2 cells, MDCK cells,
and the rat Ussing chamber; reducing the pH from 7.4 to 6.5 in the donor compartment reduces the
transport of this low molecular mass (259.3) basic drug [56].

The concept of the pH partitioning theory for predicting passive membrane transport of drugs
and other xenobiotics is, however, not that straightforward [54]. This is illustrated by the permeation of
a charged species across cell barriers in the water-filled paracellular pores, a process which is typically
faster for smaller (molecular mass less than approximately 250) and longer molecules [57,58]. These
paracellular pores can also have different charge-selectivity, based on the claudin proteins (a large
family of proteins that modulate paracellular permeability [59,60]. More research is required on the
mechanisms that underlie differences in paracellular absorption for drugs of different sizes (g/mol), both
within and between species (Figure 4A,B) [58,61]. Although we have some information on the roles of
individual claudins, some of which are thought to form charge- and size-selective tight-junction pores
for smaller molecules, relatively little is known about their interactions [62]. Further, the permeation
of charged anions through the lipoidal membrane can be many times more rapid than expected,
controlling membrane transport at all in vivo-relevant pHs [54]. This must be taken into consideration
to avoid overestimation of the fraction of a compound that is transported across the paracellular
route [63]. Two extensively permeating compounds, ketoprofen and metoprolol, are, for example,
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rapidly absorbed across human and rat intestinal mucosal barriers, where the pH is between 6.5 and
7.4 and only about 0.1 to 1% is in the neutral form [3,64]. This is despite the pH-dependent decrease in
ketoprofen permeation observed when increasing pHs in a parallel artificial membrane permeability
assay [65]. In addition, quaternary ammonium compounds also permeate lipoidal membranes to
different degrees, despite their permanent charge [65,66].

 
Figure 4. (A) The influence of luminal tonicity on the effective permeability (Peff) of human jejunum
to four model compounds with different molecular masses: D2O 20 g/mol, urea 60 g/mol, creatinine
113 g/mol, and D-glucose 180 g/mol [58]; (B) The influence of the molecular mass of six passively
absorbed compounds on the human and rat jejunal Peff values: D2O 20 g/mol, urea 60 g/mol, creatinine
113 g/mol, terbutaline 225 g/mol, atenolol 266 g/mol, furosemide 331 g/mol [58]. Figures are remade
based on historical data.

Hence, it is obvious that the pH partitioning theory alone cannot be used to predict the
passive lipoidal diffusion of compounds. Several non-CM transcellular transport mechanisms have
consequently been proposed to account for the transport of charged and/or hydrophilic drug molecules
(as well as other xenobiotics) across the lipoidal membrane. Two mechanisms, based on molecular
simulations and membrane experiments, propose the creation of water pores, or lipid head-group
pores [67]. Water pores are thought to exist because water has been shown to be present in the assumed
water-free membrane core [68]. This water reduces the energy cost of a hydrophilic drug dissolving
in the lipoidal membrane, as the need for molecular dehydration is reduced. The total cost for a
drug dissolving in the lipid membrane is hence lower than would be expected. Lipid head-group
pores are assumed to be formed by an interaction of ions or the drug doxorubicin with the lipid
head groups [69,70]. These head-group pores would then facilitate the transport of charged and
hydrophilic compounds.

An additional theory is that transmembrane transporter proteins increase the transport of small
hydrophilic molecules by facilitating transport along the exterior [71]. This would not, however, explain
the substantial transport of charged molecules over protein-free lipoidal membranes. The transport
of charged molecules by co-permeation with a counter ion is also a possibility [72,73]. However,
given the rapid transport of, for instance, ketoprofen in vivo, and the limited effect of ion pairing with
non-organic ions, ion pairing seems a less likely mechanism behind the substantial absorption of some
charged drugs in vivo [3,73,74].

Among the molecular descriptors evaluated by Lipinski (e.g., polar surface area, hydrogen bond
donors (HBDs)/acceptors, Log D), the number of HBDs is the most restrictive when it comes to intestinal
membrane transport/absorption [18,75]. Two drugs breaking this rule (i.e., >5 HBDs and high fraction
absorbed), tetracycline and rifampicin, were recently analyzed to evaluate their potential for crossing
the intestinal membrane by passive lipoidal diffusion, regardless of their unfavorable properties [67].
A liposomal permeation assay showed that rifampicin and metoprolol permeated to a similar extent,
and that tetracycline and labetalol permeated similarly, suggesting that these >5 HBD drugs can be
absorbed by passive lipoidal diffusion to a substantial degree.
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To explain why some drugs are absorbed by passive lipoidal diffusion, regardless of their
unfavorable physicochemical properties, it is necessary to find more complex descriptions of the
molecular interaction with the lipoidal membrane. Permanently charged molecules, for instance, vary
in their degree of passive permeation according to their ability to spread the charge over several ring
structures [66]. Several experimental studies (based on nuclear magnetic resonance and the crystalline
form) have also shown that intramolecular hydrogen bonding can mask polar structures and thus
increase membrane transport [76,77]. The principle is that the intramolecular hydrogen bonding
reduces the thermodynamic penalty of dissolving in the membrane core [15].

This has also been shown in several molecular dynamics simulations of the transport of solutes
across a lipid bilayer. A drug usually loses degrees of freedom when dissolving in the membrane core.
The energy demand is reduced by intramolecular hydrogen bonding and with lipid head groups. By
changing the type of intramolecular hydrogen bonding in β-blockers, the molecular conformation can
be changed, depending on its position in the membrane bilayer. For instance, a more elongated shape is
favored in the center of the lipid bilayer and a more folded structure is favored at the interface. The more
elongated, flexible shape allowed in the center favors a flip flop to the other side, while also generally
reducing the cost of dehydration, when dissolving in the bilayer by forming intramolecular hydrogen
bonds [67,68]. Tetracycline is thus able to hide three of the six hydrogen donor groups by intramolecular
hydrogen bonding, as shown experimentally by high-intensity synchrotron radiation [78].

The accuracy of QSAR predictions of intestinal absorption, based solely on the physicochemical
descriptors of a molecule, is also significantly improved by including molecular dynamics
simulations [79]. Molecular simulations have also been successfully used to predict the effects
of cholesterol in the lipid membrane; cholesterol typically makes the bilayer more stiff and less
permeable (also described as reduced membrane fluidity) [15]. Molecular simulation investigations
have also been able to replicate experimental data on the relative permeation of a set of compounds
(atenolol < pindolol < progesterone < testosterone), based on free energy transfer in different depths of
the membrane bilayer [80].

The detailed discussion of the intestinal membrane transport of atenolol below is based on data
from various sources, ranging from theoretical calculations to human pharmacokinetic data.

5. Atenolol

Transport mechanisms for a low molecular mass drug is often interpreted based on multiple
techniques. Atenolol is a well-recognized BCS class III drug that has been proposed to be transported
by transcellular, paracellular as well as with various CM processes (see below). Atenolol is therefore
suitable for illustrating the complexity of classifying a drug’s transport mechanisms, as data from
various in silico, in vitro, in situ, and in vivo models are needed.

Following oral administration to humans, the plasma pharmacokinetics of atenolol are linear for
doses of 25 to 200 mg for the area under the concentration-time curve (AUC), and for oral doses of
0.1 to 200 mg (1.4–2857 μg/kg) for the maximum concentration (Cmax) (Figure 5) [81–83]. There is a
1.5- and 1.6-fold higher AUC for doses of 0.03 and 0.1, respectively, and a 1.6-fold higher Cmax for
the 0.03 mg oral dose, than for the average values in the clinical oral dose range [81,84]. These data
from microdosing studies (0.03 and 0.1 mg) mean that there is some CM contribution to the intestinal
permeation of atenolol at lower oral doses/luminal concentrations. Xenopus laevis oocyte transport
studies suggest that OATP1A2 might be a plausible absorptive transporter for atenolol [85]. However,
it should be mentioned that there was no statistical difference in AUC between 0.1 and 50 mg in one of
the microdosing studies, which suggests that passive and non-saturable transmembrane transport
might prevail in vivo for atenolol [81]. In addition, the difference in plasma exposure is unrelated to the
elimination of atenolol, which is 100% renal (of parent drug) in both humans and rats, and is unaffected
by oral doses in the range of 0.3–80 mg/kg [86–88]. Consequently, the dose of atenolol does not affect
its renal clearance, which has been shown to be partly mediated by the efflux transporters OCT2 and
MATE 1 and 2 [89]. This is also in accordance with their Km values (280, 32, and 76 μM, respectively),
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which are substantially higher than the maximum plasma concentration of 2 μM following an oral
dose of 100 mg [88].

In humans, co-administration of oral atenolol with apple or orange juice in the fasted state decreases
the plasma exposure of atenolol to 20–50% of that observed with water [90,91]. This interaction may
be the result of inhibition of absorptive transporters, as observed for fexofenadine and celiprolol [92].
However, given the large volumes of apple juice (600–1200 mL) or orange juice (200 mL) used, and the
notoriously high osmolarity of fruit juices, the reduced exposure is probably the result of an increased
intestinal transit time. Similar results have been observed for oral atenolol when administered with a
non-absorbable osmotic load (500–700 mOsm); the intestinal transit time was decreased from 180 to
60 min, and exposure was decreased from 1.7 to about 0.4 mg × h/L, compared to water [93].

Efflux ratios (B–A:A–B) of 2.3 and 3.5 were observed for atenolol in cell monolayer studies (Caco-2
and IPEC-J2); these were reduced to 1.7 and 1.1 with coadministration of the Pgp inhibitors verapamil
and zosuquidar, respectively [94,95]. This suggests that atenolol might be a Pgp substrate. However,
other Caco-2 studies (atenolol concentrations between 30 μM and 3.8 mM) have shown that the
efflux ratio of atenolol is 1, is concentration independent, and differs between laboratories (ranging
from 0.18 to 3.76) and between batches in the same laboratory [44,96,97]. The Papp of atenolol was
also unaffected by verapamil in the mouse SPIP model, and after knockout of the Pgp gene [98,99].
Similarly, the absorption rate of atenolol was increased in the rat in an in situ jejunal loop study
with co-administration of another Pgp inhibitor, cyclosporine [100]. In addition, atenolol has linear
pharmacokinetics (AUC, Cmax) in rats following oral administration of doses between 0.55 μg and
5.5 mg (0.167–1670 μg/kg), and oral co-administration of the Pgp inhibitor itraconazole to humans did
not affect its pharmacokinetics (Figure 5) [101,102].

Figure 5. Dose proportionality in the area under the concentration-time curve (AUC) and maximum
concentrations; (Cmax) of atenolol in humans (0.1–200 mg) and rats (0.55 μg–5.5 mg) [81–83,102].
Figures are made based on historical data.
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In humans, the regional intestinal Peff for atenolol was substantial (Figure 6A) [3]. However, this
difference almost disappeared when the Peff value was corrected for the regional intestinal difference
in surface area (Figure 6B) [103]. These results indicate that passive membrane permeation is the
predominant transport mechanism of atenolol.

 

Figure 6. (A) Regional intestinal effective permeability (Peff) of atenolol in humans [3]. (B) Surface area
(villi and folds)-adjusted regional intestinal Peff values for atenolol in humans: jejunum 19-fold, ileum
10-fold, colon 1-fold [103]. Figures are remade based on historical data.

Atenolol has generally been regarded as a passive permeability marker in blood-brain barrier (BBB)
transport studies, based on the linear plasma clearance of the drug into the brain over time [104,105].
However, its use as a marker for passive permeability in the brain and intestines has been questioned
recently [106]. based on the free fraction of atenolol in the brain extracellular fluid (3.5% of that in blood
plasma at steady state), suggesting CM efflux of atenolol from the BBB by an unknown transporter
protein. The paper did not address why the data from a rat study evaluating BBB transport should be
valid for the intestine, however.

In summary, there are conflicting data regarding the contribution of CM transporters to the
intestinal absorption of atenolol. Cell-based assays have indicated an affinity for efflux proteins, but
one of two oral microdosing studies indicated an affinity for influx proteins. However, taking into
account all the available data, including extensive oral plasma pharmacokinetic data from a wide
dose range (0.1–100 mg), it seems likely that the influence of intestinal transporters on the intestinal
absorption of atenolol is, at most, modest. Atenolol can be considered to be transported almost
exclusively by the passive route (lipoidal and/or paracellular), especially at oral human doses > 1 mg
(>14 μg/kg), representing an intestinal concentration of about 20 μM (1 mg in 250 mL).

6. Conclusions

Investigation of intestinal drug permeation processes is crucial for the development of oral
pharmaceutical products. The prevailing hypothesis for the permeation of drugs through the intestine
involves several parallel CM and passive permeation mechanisms (such as passive lipoidal diffusion,
CM uptake transport, CM efflux, paracellular diffusion, mucus resistance, endocytosis and transcytosis).
The determination of an intestinal Peff for a drug is based on the technique, model and conditions
applied and is influenced by the multiple interactions between the drug molecule and the biological
membrane. Further development of the oral biopharmaceutics system requires the development of
novel in vitro models and the use of human and animal in vivo techniques. For instance intestinal
organoid technologies that bridge the gap between conventional two-dimensional cell line culture
and in vivo models are expected to improve our mechanistic understanding. These innovative
and more complex in vitro models need extensive comparison to high-quality in vivo data. Novel
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clinical techniques are expected to provide an improved understanding and high-quality data of
biopharmaceutical relevant GI processes.
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Abbreviations

API Active pharmaceutical ingredient
AUC Area under the concentration-time curve
BBB Blood-brain barrier
BCS Biopharmaceutics classification system
CM Carrier-mediated
Cmax Maximum concentration
F Bioavailability
Fabs Fraction absorbed
FDA US Food and Drug Administration
GI Gastrointestinal
HBD Hydrogen bond donor
MR Modified-release
OrBiTo Innovative Tools for Oral Biopharmaceutics
Peff Effective permeability
PBPK Physiologically based pharmacokinetic
QSAR Quantitative structure-activity relationship
SPIP Single-pass intestinal perfusion
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Abstract: The primary focus of this review is a discussion regarding in vitro media for colon release,
but we also give a brief overview of colon delivery and the colon microbiota as a baseline for this
discussion. The large intestine is colonized by a vast number of bacteria, approximately 1012 per gram
of intestinal content. The microbial community in the colon is complex and there is still much that is
unknown about its composition and the activity of the microbiome. However, it is evident that this
complex microbiota will affect the release from oral formulations targeting the colon. This includes
the release of active drug substances, food supplements, and live microorganisms, such as probiotic
bacteria and bacteria used for microbiota transplantations. Currently, there are no standardized
colon release media, but researchers employ in vitro models representing the colon ranging from
reasonable simple systems with adjusted pH with or without key enzymes to the use of fecal samples.
In this review, we present the pros and cons for different existing in vitro models. Furthermore,
we summarize the current knowledge of the colonic microbiota composition which is of importance
to the fermentation capacity of carbohydrates and suggest a strategy to choose bacteria for a new
more standardized in vitro dissolution medium for the colon.

Keywords: in vitro systems; colon delivery; colon microbiota

1. Introduction

Most drugs are adsorbed in the upper GI-tract. However, for a range of therapeutics, food
supplements and probiotics delivery to the colon is important. This is especially true for a range of
inflammatory diseases of the GI-tract such as Crohn’s disease and Ulcerative colitis [1–6] but also
for other diseases in the colon that would benefit from a local treatment including colon cancer [7,8],
enteric nematodes [9] and enzyme replacement therapies [10]. Other areas of interest are colon delivery
of proteins and peptides [11,12], probiotic bacteria [13,14] and microbiota replacement therapies [15].
In these cases, formulations are employed aiming at colon-targeted delivery and at the same time
avoiding release in the upper GI-tract. Thus, these formulations can protect the active ingredient from
degradation in the stomach and small intestine.

There are a range of colon delivery systems, but it is not within the scope of this article to do an
in-depth review of these. Instead, we recommend some of the literature referred to in the next sections
and the following general reviews [2,16]. The principle of these formulations will however define the
demands on colon delivery in in vitro methods used as they are dependent on different triggers of
release. The main release mechanisms described in the literature are based on a few different triggers.
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Degradation by the colonic microbiota: One strategy is to use excipients that are degraded by the
microorganisms in the colon. Two of the most common classes of excipients used are carbohydrates and
azo compounds. The bacteria of colon produce a large repertoire of enzymes, among which some are
able to digest complex carbohydrates that have escaped digestion in the small intestine. These include
enzymes such as amylases, pectinases and β-D-galactosidases to mention a few. Such enzymes have
the ability to hydrolyze polysaccharide-specific bonds. Polysaccharides that can be used as coatings
for this purpose are resistant starches, guar gum, pectin, dextran, inulin, and chitosan [10,13,17–21].
These are all molecules that can only be degraded by the microorganisms in the colon. Another colon
bacterial-induced release is azore-reductive bacterial activities [22]. For a more thorough overview of
these systems, we recommend the review by Sinha and Kumria [23]. One drawback with this principle
is that some patients especially with inflammatory disease have a different colonic microbiota that
could affect these extracellular enzymes [2,24].

Time-controlled release: These are primarily based on slow eroding or dissolving polymer films
or matrixes [25–27]. In such systems, the polymer or wax (primarily natural waxes have been used)
responsible for the release should not be sensitive to pH, enzymes or other components of the lumen
such as bile salts. These types of formulations will be partly affected by transport of water and
components in the GI tract fluid into the formulation and thus, the kinetics of this transport are
expected to be highly affected by the increased viscosity of the lumen [28] when water is adsorbed in
the colon, as has also been seen for some formulations [29]. The effect flow-behavior in the intestinal
lumen has also been seen to influence the uptake of nutrients from food and this has been extensively
discussed in a review by Takahashi [30]. Furthermore, the rate of gastric emptying will also influence
if the time delayed formulations will release in the colon. It is well known that the gastric emptying
time will vary considerable for larger objects such as a tablet.

pH controlled release: These formulations are based on the difference in pH along the GI-tract and
are based on film coating that dissolves at different pH [31,32]. In order to secure release in the colon,
some employ two or more films with different properties [32]. In some cases, pH dependence and time
dependence are combined [33–36]. The main drawback of these systems is the large intra-individual
variation in pH along the GI-tract, especially for patients with GI-tract diseases. A recent expert
opinion concluded that due to the variation of pH in the GI-tract, colon delivery formulations that
is only dependent on pH difference has a major risk of both premature drug release and no release
at all [37].

Pressure-controlled delivery: This is based on the fact that the high viscosity of the lumen combined
with the smooth muscle contractions of the colon assert a mechanical pressure on the formulation that
ruptures a film coating or a capsule [38,39]. Primarily for capsules, the film strength of the capsule
can be designed in such way that it ruptures at these pressures [16]. The drawback is that the main
colonic motor pattern, pan-colonic pressurizations, can be severally reduced for example in patients
with chronic constipation [40]. Furthermore, the less frequent high-amplitude propagating sequences
that might be especially important for these formulations are only present after meals and not in all
individuals studied [41].

Nanoparticle drug delivery systems: Various types of advanced nanoparticle formulations for
colon delivery have been investigated by numerous researchers. These can for example be based on
poly(lactic-co-glycolic acid) (PLGA), lipids, chitosan or silica, and these nanoparticles could be targeting
inflamed mucosa. More details can be found in the reviews by Zhang et al. [42], Hua et al. [43] and by
Vass et al. [44]. These types of formulation have the potential to deliver better treatment to the patients
but there is a need for more attention to the practical design of the final dosage forms that successfully
deliver the nanoparticles to the colon.

All of these formulation principles have their pros and cons and few of them have been found
to deliver drugs to the whole colon. Thus, there is still a need to develop new colon-targeting
formulations. In both early and late formulation development phases, there is a need for suitable and
biorelevant in vitro media for evaluation of the various formulation concepts. Furthermore, during
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the formulation development of chosen concepts there is a need to evaluate the release profiles from
different formulation designs and manufacturing principles.

The recommended dissolution media in the European and US Pharmacopeias are focused on
simulating the upper GI tract. There is no Pharmacopeia in vitro dissolution method for colon delivery
as such and the release media employed by several researchers for the evaluation of colon release
differs a lot. It is the purpose of this review to discuss the benefit and draw backs of different colon
release-testing media and also to suggest novel release media based on microorganisms present in the
colon. In discussing in vitro methods, we also have to look at the whole passage through the GI-tract.
Thus, this review will briefly describe the GI-tract and some of the dissolution media used to resemble
the upper parts of the GI-tract.

Also within food research there is an interest in understanding release and digestion, especially
concerning functional foods which are developed with the aim of promoting health and preventing
diseases such as obesity, cancer, diabetes, neurodegenerative diseases (Alzheimer and Parkinson),
and others [45]. These systems are developed in a way that the bioactive ingredient is protected while
controlling and targeting the release to the specific location in the human gastrointestinal tract where
they act [45]. The bioactive ingredients include polyphenols, carotenoids, fatty acids, proteins, peptides,
amino acids, vitamins, minerals, and even live probiotic bacteria [46]. The challenge of inclusion of
these bioactive ingredients is that they are susceptible to the conditions dictated by processing, storage
and digestion that may lead to a decline in bioaccessibility as well as bioavailability. As a result, and in
order to see the fate of bioactive compounds in human gastrointestinal conditions, simulated in vitro
and in vivo digestion models are frequently used. In this review, we will do a comparison between the
methods used in pharmaceutical development with those used for food research.

Even though the dissolution media are the focus of this review, it is important to bear in mind that
an in vitro release profile from an oral dosage form is determined by the choice of dissolution method
which comprises the (1) dissolution medium (composition and volume), (2) physical apparatus design,
and (3) apparatus settings, that determine the hydrodynamics during release from the dosage form.

The review will discuss the pros and cons of most existing dissolution medias used for colon
release. However, the main focus will be on media containing microorganisms. These medias are
complex but should be the most biorelevant ones as the microbiota is the component that primarily
governs the environmental conditions in the colon. Using live microorganisms ensures that the media
contains a range of enzymes, and that these enzymes are constantly renewed by the bacteria. This is
especially important when the release mechanism is based on degradation by the colonic microbiota.
One could also suspect that a complex live microbiota to some extent could adapt to the nutrients
given for example if carbohydrate-based formulations are investigated. One of the advantages of
using a complex media is that different formulations, for example formulations based on different
carbohydrates, can be investigated.

2. The GI Tract

2.1. The Upper GI-Tract

Drugs that are administrated orally are exposed to a changing environment, and if a drug is
intended to target the colon, it will be exposed both to the upper part of the GI tract and colon. Figure 1
illustrates the changing conditions encountered during passage through the GI-tract. One of the key
uses is the changing pH in the GI tract. In the stomach the pH normally varies between 1 and 3.5.
Higher gastric pH up to 4.6 has been observed in healthy human subjects by Koziolek et al. [47] and
higher gastric pH can be expected in patients receiving gastric acid blocker therapy and in the elderly
it can be elevated up to pH > 5 [48]. Traditionally, oral formulations that are designed to avoid gastric
release are coated with a polymer that is insoluble at low pH but soluble at higher pH, the so-called
enteric coatings.
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The content of the stomach is released into the small intestine. The surface area of the small
intestinal mucosa is large due to the presence of villi and microvilli’s that increase the contact area
between the lumen and the epithelial cell wall which promotes drug absorption [49]. The pH of
the small intestine ranges between 5.5 and 7.5 [50,51]. The lumen of the intestine also contains
numerous enzymes as well as bile salts. The enzymes include hydrolases and proteases such as trypsin,
chymotrypsin and carboxypeptidases as well as lipases and amylases. Bile salt are reabsorbed in
ileum and about 95% of the bile salts are recirculated [52]. The concentration of bile and enzymes
show considerable individual variation and vary between the fasted or fed state. Compared to the
colon, the upper GI-tract contains only a minor amount of bacteria, of around 103–104 CFU/mL [53,54],
and thus, enzyme from bacteria play a minor role compared to the endogenous enzymes in the
small intestine.

ascending colon

caecum
transvers colon 
descending colon

sigmoid colon 
This picture by Unknown 
Author is licensed under 
CC BY-SA

The Stomach
pH fasted 1,4-2,1 fed 3-7 [45,51]
Enzymes: Pepsin and exopeptidase
Bacteria: <103 [18] Proteobacteria, Firmicutes, 
Actinobacteria, Bacteroidetes, and Fusobacteria
[52]

Dudeum
pH fasted ≈ 6,2   fed ≈ 5.2 [45,51]
Enzymes: primarily from pancreas
Bile salt: fasted 3,4  and  fed 11.8mM [44]
Bacteria 103 Proteobacteria and Firmicutes [52]

Juejeum
pH fasted≈ 6,9   fed≈ 6.1 [44]
Enzymes: primarily from pancreas
Bile salt: fasted 2,5 and fed 4.5-8 mM[44]
Bacteria :0-105 dominant phyle Firmicutes and 
Protobacteria [48]

Ileum
pH fasted≈ 7,4   fed ≈7.5 [49]
Enzymes:  primarily from pancreas
Bile salta are taken up to about 95%
Bacteria: 103-107  dominant phyla Firmicutes
Bacteroidetes and/ or Actinobacteria [47,52]

Colon
pH 5.7-6.7 in the rectum[49]
Enzymes: Bacterial enzymes
Bile salt: ≈27 mmol/ g of faeces [50]
Bacteria :1011-1012 dominate phyla Firmicutes
and Bacteroidetes [48,52]Distal

colon

proximal 
colon

Figure 1. An overview of the conditions in the GI-tract with a focus on the composition of the liquid
content. Data from References [18,50,51,53–58]. The picture of the GI-tract is by Mariana Ruiz, Jmarchn
from Wikimedia commons. (https://commons.wikimedia.org/wiki/File:Digestive_system_without_
labels.svg)

2.2. The Physiology of Colon

The main function of the colon is uptake of water and different ions from the colonic content,
and it serves as a storage and compaction space for feces The microorganisms that reside in the colon
have important consequences for human health, being active fermenters of undigested polysaccharides,
and the community composition and activities are known to be strongly influenced by the dietary
carbohydrate content [59–61]. The addition of probiotic bacteria has for example been seen to
affect such diverse disorders as stress [62], colonic carcinogenesis and hepatic injuries [63] and
obesity management [64,65]. Another emerging topic is fecal transplantation focusing on not one
microorganism but the whole microbiota from healthy donors [66].

The colon makes up the final 1.5 m of the GI tract and can be further divided into smaller parts
such as the caecum, ascending, transverse and descending colon, see Figure 1. The pH of colon varies
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between 5.7 and 6.7 along the large intestine. It is lowest in the ascending colon and then it increases.
It should also be noted that for patients with diseases such as Crohn’s disease and Ulcerative colitis,
the pH can often be reduced compared to the pH in healthy subjects [2].

Colon is a strictly anaerobic environment and its microbiota is a dense and complex community
comprised by mainly obligate anaerobe bacteria. Compared to the stomach and small intestine,
the colon harbors a much larger population of bacteria with up to 1011 bacteria per gram of intestinal
content. The microbiota of the colon is different in different regions. Close to the epithelial barrier,
there is a nearly bacterial free zone of mucus and then the microorganisms are spatially organized with
different compositions of bacteria closer to the mucin than those in contact with lumen. The microbiota
of the mucosa also varies along the colon [67,68]. These microorganisms produce a large panel of
enzymes that are active in the breakdown of dietary fibers that escape digestion in the small intestine.
Tasse et al. [69] used coupled functional screens and sequence-based metagenomics to identify highly
prevalent genes encoding enzymes that are involved in the catabolism of dietary fibers by the human
gut microbiome and found that they produce a range of carbohydrate digestive enzymes such as
beta-glucanase, hemicellulase, galactanase, amylase, or pectinase [69]. The bacteria of the colon also
metabolize the bile salts that has not been taken up in ileum. Thus, the bile salt composition is different
in the colon compared to the small intestine, see Table 1. The pancreatic enzymes are also digested
in the colon and amylase was for example found to decrease by 50% while protease decreased by
70% [70].

Table 1. Bile salt composition in the small intestines and colon. Data are from Ridlon et al. [52].

Bile Salt Small Intestines Colon

Cholic acid CA 35% 2%
Chenodeoxycholic acid CDCA 35% 2%

Deoxycholic acid (DCA) 25% 34%
Lithocholic acid LCA 1% 29%

Ursodeoxycholic acid UDCA 2% 2%
12-oxy-LCA 3%

Others 2% 28%

Compared to the upper GI-tract, most of the nutrients in lumen have already been adsorbed when
reaching the colon [71]. However, the amount of free fatty acids is increased from around 6–8 mM in
ileum to 32–29 mM in cecum. In a fed state, the nutrient content of cecum was around 6 mg/mL of
protein and 10 mg/mL of soluble carbohydrates [71]. This can be compared to the content in jejunum
where the protein content of 1 mg/mL in the fasted state and 5 mg/mL in the fed state has been
determined using the Loc-in-Gut technique [72].

3. In Vitro Release Methods

A dissolution test is a key tool for determining the release profile during the development of
an oral drug product and it is especially important for controlled release formulations. Although
research on dissolution processes goes back to the 1890s, when the topic was mainly studied by
physical chemists, it took many years before its applicability and importance in pharmaceuticals was
implemented. Until the 1950s, it was believed that the bioavailability of drugs was only dependent on
disintegration of the tablet [73]. However, in 1957, Nelson related theophylline blood concentration
to dissolution rate [74]. His work was followed by several other studies investigating the correlation
between dissolution and bioavailability. During this time, it was discovered that the formulation of the
drug could affect the pharmacological effect. In the 1970s, large differences were discovered between
different formulations and brands of the drug digoxin [75],which further supported the theory that the
release from formulation influences bioequivalence. Cases of drug toxicity and reduced drug effects as
a result of alternation of an excipient were observed [76]. Incidents like these led to the realization of the
importance of dissolution studies for the purpose of quality control and the introduction of dissolution
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requirements in pharmacopeias of dissolution data for tablets and capsules. Additionally, standard
dissolution methods were introduced in the Unites States Pharmacopeia, National Formulary [73]
and also in other Pharmacopeias such as those for Europe and Japan. The physical designs of the
most frequently employed standard pharmaceutical apparatus are described in the Pharmacopoeias.
These are the Basket (USP 1) and Paddle (USP 2) apparatus, the reciprocating cylinder apparatus
(USP 3) and flow through apparatus (USP 4). The Pharmacopoeias also recommend the range of
settings that determine the hydrodynamics during the dissolution test. More biorelevant apparatus
have been suggested by several researchers and some of these were reviewed together with the
standard dissolution equipment by Kostewicz et al. [77]. Another relevant apparatus is the Dynamic
Colon Model that is designed to mimic the architecture, physical pressures and motility patterns in the
proximal colon [78].

One key use of in vitro release testing is to try to use it for prediction of in vivo uptake, the so
called in vitro–in vivo correlation (IVIVC). There are three different levels of IVIVC [79,80]. In Level
A correlations, all data collected (both dissolution and blood plasma concentration) is used to create
a point-to-point relationship. It is considered to be the highest level of correlation and is usually, but not
always, a linear relationship. This direct relationship between in vivo and in vitro data can be used to
predict in vivo performance. In Level B, all the obtained data is used just as in Level A correlations,
however, a point-to-point relationship is not created, instead the mean in vitro dissolution time is
related to the mean in vivo dissolution time or mean in vivo residence time. A Level C correlation is
a single point correlation where only one point from the in vitro dissolution profile is related to an
in vivo parameter such as maximum blood plasma concentration, Cmax. No prediction of the in vivo
blood concentration profile can be made using this type of correlation. Developing a meaningful
IVIVC is, however, always challenging since there are many factors to consider, such as transit time
and composition of the gastric and intestinal content including pH, bile salts and enzymes that affects
the release and uptake of a drug [81].

When conducting in vitro studies, the choice of dissolution media is important. There are several
strategies on how to choose the media going from very simple solutions, in some cases even just
water, to very complex ones that are more biologically relevant [80]. It is important to point out that
the purpose of a dissolution method is not to simulate the exact conditions in vivo, which of course
is impossible. It is, however, important that the dissolution method resembles the characteristics of
the in vivo situation that determines the release profile. This does not mean that the method should
not be as realistic as possible, but the goal is to be able to compare a system over time and between
different laboratories. Without a reproducible way to do this, the test loses its meaning. Thus, there
is often a tradeoff between highly realistic and complex media and the reproducibility. In designing
a dissolution method, the purpose of the method often sets the degree of complexity. For dissolution
methods that are going to be used in quality control, reproducibility and capability is in focus since
it is more important to detect production variability than the biological relevance of the method.
For research and development purpose as well as for establishing an IVIVC, the biorelevance of the
dissolution media is of high importance.

In the case of oral formulations, it is the GI tract that has to be simulated during the dissolution
studies. Due to the variation in pH along the GI tract, the pH may be adjusted during the in vitro
experiment to simulate the transit through the GI tract. This is important for understanding the
interaction of the formulation with pH, the dissolution of acids and bases and to understand the
survival of probiotics [14]. In the case of probiotics, the aim is to modulate the microbiota to give health
benefits to the consumer. In most cases, probiotics are given as a cost supplement but with growing
evidence of the effects on several diseases, the interest to use live bacteria also as a pharmaceutical
product is increasing. The demands on such a pharmaceutical product will be different from most
current probiotics and for oral products survival through the stomach and upper GI tract will be
crucial for the probiotics to work properly. As pointed out by Quigley, there is a need for both better
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formulations and quality controls when it comes to many of these products [82]. For further reading
on probiotics, we recommend some of the following recent reviews on the topic [82–86].

Both the stomach and small intestine can be simulated using the pharmacopoeia dissolution media.
These media range from simple solutions with low complexity to solutions containing surfactants
or enzymes which complexity wise can be categorized as medium to high, respectively (see Table 2).
For the sake of this review, the media in Table 2 have been categorized with regards to a representation
of either the fasted or fed state. Furthermore, it is worth noting that the USP <1092> [79] is suggesting
the option that dissolution media may simulate the gastric and intestinal fluids more closely with
regards to both the ionic strength and molarity of the buffers employed.

For conducting dissolution tests of controlled release formulations, these are normally conducted
in series. The European Pharmacopoeia recommends pH steps and timings for dissolution tests
involving steps with increasing pH [87]. These steps start in acidic milieu (pH 1.0–1.5) representing the
stomach and may end at the highest pH levels (pH 7.2–7.5) representing the lower parts of the small
intestines. Typically, the formulation is left in gastric conditions for the approximated transit time
through the stomach, usually 1 or 2 h [87,88]. This is followed by an adjustment of the solution to the
conditions for simulated small intestinal juice. Normally, it is only the upper parts of the GI-tract that
are studied during the release tests but for colon delivery also the release in simulated colon conditions
has to be studied. These testing conditions do not include a step simulating the colonic fluid.

Table 2. Dissolution media in Pharmacopoeias and Guidelines resembling the upper GI tract.

GI Site
Represented

Suggested
Prandial State

Media Complexity References

Stomach
Fasted

pH 1.0–1.5 Low [87,89–91]

pH < 4.0 + Surfactant(s) Medium [79,87]

pH < 4.0 + Enzymes (pepsin) High [87,89]

Fed Stomach pH + Physiological Surfactant(s) Medium [79]

No specific site
Fasted pH 4.5 Low [79,87,90,92]

Fed pH > 4.0 and < 6.8 + Enzymes (Papain) High [89]

Small
intestines

Fasted
pH 5.5, 5.8, 6.5, 6.8 *, 7.2, 7.5 Low [87,89,90]

Intestinal pH + Physiological Surfactant(s) Medium [79]

Fed
Intestinal pH + Physiological Surfactant(s) Medium [79]

pH ≥ 6.8 + Enzymes (Pancreatic powder) High [87,89]

* pH 6.8 is the most frequently employed pH resembling the small intestines.

Important changes induced by food ingestion include an increase in pH, and stimulation of
secretion of bile salts and pancreatic enzymes. For this reason, simulations of fasted and fed
conditions have been developed by several pharmaceutical researcher and in-depth reviews covering
both simulated gastric and intestinal dissolution media have been made by Reppas et al. [93] and
Bergström et al. [50]. For example, Vertzoni et al. suggested a fasted state simulated gastric fluid
(FaSSGF) which besides hydrochloric acid contains pepsin as well as low amounts of bile salt and
lecithin [94]. Simulation of the fed state in the stomach has been achieved by using milk for example.
In a study from 2013, Christophersen and colleagues used milk together with bile salt and lipase to
simulate a fed condition in the stomach and duodenum [95]. Worth noting is that the fed state is
more complicated to simulate since the environment in the stomach changes over time as the food is
digested and emptied into the small intestine [96]. For the simulation of the small intestinal fluids,
the pioneering work by Prof. Dressman has led to standardized dissolution medias for fasted and
fed state in the small intestines. These fasted states simulated intestinal fluids (FaSSIF) and fed state
simulated intestinal fluids (FeSSIF) are extensively discussed in the review by Markopoulos et al. [97].
Biorelevant dissolution media are categorized by Markopoulos et al. in four levels. At level 0 media,
only the difference in physiological pH along the GI tract is taken in to consideration while for level
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I, the distinction between fasted and fed is done based on both pH and buffer capacity of the media.
At level II, the difference in bile components, lipids and their digestion products, and the osmolality
are also considered, and in the most complex versions of level III, considerations such as changes
in viscosity and digestive enzymes are included [97]. Another important aspect to consider when
constructing biorelevant dissolution tests is that gastric emptying occurs less frequently when food
is ingested which is why the gastric simulation step should be longer when simulating a fed state
compared to a fasted state [50].

Interestingly, there are actually two different traditions in developing complex release media
for simulating the GI tract, one based on pharmaceutical research and one based on food research.
The perspective of these two traditions varies of course as the food research primarily focuses on
the digestion of food components while pharmaceutical research focuses on the release of the active
compound. For example, food research might include the chewing of the food, a part that is seldom
relevant for pharmaceuticals. This means that also the enzymes from the mouth are included in
such studies [98]. The in vitro models used in food research can be static [99] or dynamic [100,101]
and batch or continuous [102]; however, regardless of the nature of the methods, all of them consist
of simulated oral (mouth), gastric, and intestinal compartments and may or may not include the
colon. Due to the complexity of these models, they are often adopted to the specific conditions of
each system. In order to do so, the system is categorized to either protein-based, lipid-based or
carbohydrate-based systems and the digestive conditions are chosen for the system being analyzed.
In this way, if a protein-based delivery system is being evaluated, the main focus would be the gastric
and intestinal steps where the corresponding proteases exist (i.e. pepsin in the stomach, trypsin and
chymotrypsin in the small intestine). In a similar way, when lipid-based delivery systems are being
evaluated, gastric and intestinal lipases are included; however, the focus is more on the intestinal
lipolysis. Finally, if a carbohydrate-based delivery system is being analyzed, the oral and intestinal
amylases are to be included. In some cases for simplification of the in vitro evaluation, whatever
passes the oral, gastric and intestinal steps is considered to be delivered to the colon [103,104].

Many of the in vitro methods that are used for food research are more complex than the
traditional pharmaceutical models. In the early 1990s, Molly et al. [105] developed a comprehensive
dynamic model called “the simulator of the human intestinal microbial ecosystem” (SHIME). Through
a multi-chamber system controlled by a computer, simulation of the conditions in the stomach,
duodenum, jejunum, ileum, caecum, proximal, transverse, and distal colon, this model enabled
scientist to control the concentrations of enzymes, bile, pH, temperature, feed composition, transit
time, and anaerobic environment in each reactor.

Another model developed by Minekus, Marteau and Havenaar [101] was comprised of two
separate models. TIM-1 simulates the conditions of the stomach, duodenum, jejunum, and ileum
while TIM-2 simulates the large intestine controlled by a computer. An advantage of this model to
SHIME was the possibility of controlled peristaltic movements and water absorption. It was later in
that decade when Macfarlane, Macfarlane and Gibson [102] developed the three-stage continuous
system which simulates the proximal, transverse and distal colon (differing slightly in pH and volume)
containing fecal microbiota of healthy individuals and the system was then, in the late 1990s, validated
against sudden death victims. The results of these types of evaluations have shown that the majority
of carbohydrate breakdown and short-chain fatty acid production occurred in the proximal part of
the colon while amino acid metabolism occurred in the transverse and distal colon [102]. Although
these methods were developed for food and probiotic applications, they have since also been used in
pharmaceutical research [106,107].

In addition to those models, the Dynamic Gastric Model (DGM) developed in the former Institute
of Food Research in Norwich, UK as well as the Human Gastric Simulator (HGS) developed at
UC-Davis, can be mentioned [108]. Similarly, simulated intestinal models were developed to investigate
mass transfer from the luminal side [109]. Despite their potentials, these models have limitations due
to limited accessibility worldwide and therefore, a consensus static digestion method was developed
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within the COST (European Cooperation in Science and Technology) Action, the so called InfoGest
method [99,110]. The InfoGest method consists of a simulated upper GI (mouth to small intestines)
method. Although this method is very good in providing details on the type and activity of the
enzymes, ratios of digestive fluids, pH, ionic strength, and time, it is still very complicated, laborious
and time-consuming.

Finally, one of the more advanced in vitro systems developed has been in the area of
understanding how different components can affect the human gut microbiome. This in vitro
microbiome modulation is performed in a three-stage culture system GIS2 simulator and the effect of
the components on the microbiota is analyzed by determining the microbiological fingerprint using
qPCR analysis [111].

Colon Release

Most oral pharmaceutical formulation dissolution tests covering the stomach and small intestine
are sufficient. However, for drugs that are intended to target the colon, an additional step simulating
the large intestine needs to be added. This has proven to be challenging as the colon is a very complex
environment and is therefore difficult to mimic. There is a severe lack of simple and relevant ways to
perform dissolution tests for formulations that target the colon, and the methods available today have
significant drawbacks.

Current methods available for simulating the large intestine include dissolution in buffers of
relevant pH, the use of mixtures of enzymes that are known to be produced by bacteria in the colon,
caecum content from animals (primarily rats), human fecal slurries, and fermentation of selected
bacteria. Below, we give a short description of these methods, for a more thorough review on the first
four methods, we recommend the review by Yang [112].

Release in buffers: This is the simplest and most reproducible system to use but its biological
relevance is low. The system can be used for formulations based on pH triggered and time-dependent
release. These buffers might be able to represent the key mechanism of release in vivo but the pH levels
chosen are typically representing a mean in vivo pH and not the range of pH actually found in vivo.
With regards to some formulations, the viscosity of the release media could also be of importance
and as discussed in the introduction, the viscosity changes in the colonic lumen and could affect
the transport of molecules and release from formulations. However, one has to be aware that many
excipients are also degraded by the enzymes of the microbiota and to obtain relevant results, buffers
can only be used when one is sure that no such degradation occurs. This being said, there are still
several cases when pH control is the only method used [32–34]. Usually this is done in systems where
no enzymatic break down would be expected but unfortunately also in cases where such break downs
are an obvious risk.

Use of enzymes present in the colon: The use of an enzyme or mixtures of enzymes that are known
to be produced by bacteria in the colon has the clear benefit of being considerably easy to handle,
comparably inexpensive and has high reproducibility. The drawback is of course that even a mixture
of enzymes is a very large simplification compared to the large range of bacterial enzymes in the colon.
However, by choosing a high concentration of one enzyme, good correlation with fecal dissolution
systems can sometimes be achieved as shown by Siew et al. [113]. In Table 3, we list some example
of the enzymes that have been used in colon-simulating release media. The problem is still that
different methods for colon delivery will be susceptible to different enzymes, and thus, the possibility
to compare for example different carbohydrates for colon delivery is not straight forward using
enzymatic release media. Instead, media such as feces and rat caecum, have been used.
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Table 3. Examples of colon bacterial enzymes used in simulated colon media for dissolution.

Type of Formulation Components Enzyme Refences

Azo-structures, polymers and conjugates Azoreductase [114,115]
Guar gum Galactomannanase, α-galactosidase [116,117]
Chitosane β-glucosidase [118,119]

Pectin Pectinase [120,121]
Starch Amylase [113]

Dextrane Dextranase [122]
Inuline Inulase [122]

Use of rat caecum content: To incubate the drug in a slurry of rat caecum content is one of the
more common methods employed when the investigator prefer a more biologically relevant media.
The benefits are that caecum can be treated in such a way that the anaerobic condition is maintained,
and by adhering to a strict protocol of animal feeding, a rather high degree of reproducibility should
be able to be obtained. Furthermore, the rats can be given a special diet to increase the bacterial
species that are sensitive to the system investigated [123]. The drawback is primarily that the method
involves the sacrifice of animals and results obtained from experiments on animals may not be directly
applicable to humans due to microbiota compositional differences [124]. The microbiota in rodents
might differ from humans, for example, lactobacilli is a major group in mice [125] but in humans
lactobacilli are regularly present but in a smaller proportion [126].

Another interesting thing to note is that different research teams have been using quite different
protocols for these experiments which means that it can be difficult to compare the results. Several
groups have based their method on the work done by Prasad et al. [127], who used a USP bath with
4% of rat caecum in phosphate buffer pH 6.8, and to keep the system semi-anaerobic, the solution
was bubbled through with CO2. There are slight variations to this method, for example, by using
different pHs, 6.5 [128]–7.5 [129], using nitrogen in some steps of the method instead of CO2 [128],
using variations in caecum content, 2%–10% [129,130], and varying the type of USP setup [128]
or using sealed bottles [131]. In systems based on azo-structures, the intact or sonicated caecum
(to release intracellular enzymes) have been mixed with co-factors such as benzyl viologen, NADP,
glucose-6-phosphate dehydrogenase, and glucose-6-phosphate [122,132,133]. Caecum content from
other animal species has also been used and for example guinea pig caecum was more similar to
human fecal slurry in its breakage of azo-bonds than rat caecum [134].

Using fecal slurries from animals or humans: This has either been done using the same principle
as for rat caecum, dispersing the sample in buffer and following the release in this solution during
anaerobic conditions [135,136], or by using the fecal slurry to include a more complex fermentation
step [4,100,137]. The main advantage of using fecal samples is that animals do not have to be sacrificed
and it is possible to use human samples. One additional benefit is that it is possible to use fecal samples
also from patients [138]. Using human feces makes it more relevant but the fact that it is fecal samples
and not samples from the earlier parts of the colon is a problem. Primarily, these samples will not
be harvested in anaerobic conditions, and thus, especially in the case of fermentation, there is a high
risk that the anaerobic bacteria dominating in the colon are not viable in feces. The other problems
are that the microbiota in the lower part of the colon is not the same as in the earlier parts of the
colon and by using human samples there will be a large variation between samples from different
individuals. Culturing the samples of feces or caecum for that matter before the addition of the
formulation increases the activity of the system and can increase the rate of degradation as seen for
example in the breakage of azo-bonds [134]. However, many of the studies are based on simply
dispersing the feces (around 10%) in buffers with varying pH and incubating with the formulation
as the only additional source of nutrient under anaerobic conditions [135,136,139,140]. Interesting
to note, is that in most cases the pH employed is around 7.5. That is a pH closer to that of feces
and not to the lower pH of the upper colon where most of the fermentation will take place in vivo.
There are also, as discussed previously, several complex systems using coupled fermentation reactors
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to simulate the changing properties of the whole GI-tract or colon. This includes systems such as
SHIME®, EnteroMix, Lacroix model and TIM-2, for a thorough review of these systems, please see
Venema et al. [141]. When using a fermentation medium, the composition of the fermentation medium
used for this purpose may be a simple but optimized and still complete medium, containing all
principal components of a full-fermentation medium. However, it could also be of a more complex
nature, mimicking a certain dietary habit, for example the prevailing Western-style diet [142,143].

Using selected bacteria: One of the earliest examples of using selected bacteria was the work by
Karroute et al. [138], who used bifidobacteria, Bacteroides and E. coli to study release from pellets
coated with Nutriose. In a study from 2015, Singh and colleagues used a probiotic mixture to
simulate the large intestine when testing drug release from Sulfasalazine spheroids coated with
different polysaccharides [144]. This system was compared to fecal slurries of humans, rats and
goats, and the release profiles of carbohydrate-based formulations were rather similar, especially to
the rat caecum content medium, even though the release in the probiotic release media was slightly
slower [145]. The composition of the probiotic release media is presented in Table 4. In a similar
study by Kotla et al. [146], a probiotic culture was once again used to mimic the colonic environment
to examine drug release from 5-fluorouracil granules coated with polysaccharides. The species used
are listed in Table 4. While no specific concentrations for each species were given by Kotal et al,
the cultured media contained a total amount of 9.8 × 1010 CFU (colony forming units). In this study,
the drug release profiles obtained from the tests with probiotic mixture, rat caecum content and
human fecal slurries were to some extent comparable. In general, the probiotic mixture resulted in
a slightly faster release than the other two media [146]. Unfortunately, the choice of bacteria was not
thoroughly discussed in these articles although the authors suggested that these bacteria can simulate
the conditions in the colon. The problem is, however, that although the colon contains some probiotic
bacterial species as part of the microbiota composition, these are not the dominating species. In order
to give suggestions for a more relevant media to simulate the colon, we present an overview of the
literature that has investigated the microbiota of human colon. This has been done, especially with
focus on carbohydrate degradation in the human large intestine. Based on this we suggest some key
species that could be used for such systems.

Table 4. Species selected for the bacterial mixture, as well as the amounts of different bacteria used to
create a dissolution media simulating the colon by Singh et al. [144] and Kotla et al. [146].

Singh, et.al., 2015 [140] Kotla et al., 2016 [142]

Composition Bacterial Count/Amount (CFU) Composition

Lactobacillus acidophilus 0.75 × 1012 Lactobacillus acidophilus
Lactobacillus rhamnosus 0.75 × 1012 Lactobacillus rhamnosus
Bifidobacterium longum 0.75 × 1012 Bifidobacterium longum
Bifidobacterium bifidum 0.50 × 1012 Bifidobacterium infantis
Saccharomyces boulardii 0.10 × 1012 Lactobacillus plantarum

Lactobacillus casei
Bifidobacterium breve

Streptococcus thermophilus
Saccharomyces boulardii

4. The Gut Microbiota

There are not many relevant studies on the human microbiota, i.e. human studies including
identification and quantification of colonic bacteria on a species-specific level and based on a significant
number of individuals. This suggests that although this particular microbial community has been
studied extensively, it is still not very well understood. It appears that the general consensus is that the
bacteria of the large intestine belong mainly to the phyla Firmicutes and Bacteroidetes. While several
studies have indicated that species belonging to the Clostridium clusters IV and XIVa as well as to the
Bacteroidetes phylum dominate the colonic flora, there is often a lack of examples of which bacteria
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dominate in the colon on a species-specific level. According to a study performed by Tap and colleagues
where 16s rRNA sequencing was used to characterize the microbiota of colon, 79.4% and 16.9% of the
sequences belonged to Firmicutes and Bacteroidetes, respectively [147]. This is further supported by the
work of Yang et al., who by searching the Ribosomal Database Project identified bacteria that belonged
to 13 phyla [148]; see Figure 2 for the most frequent phyla. However, it is not completely evident
which species are dominant or most commonly occurring in humans. A reason for this is that there is
a clear inter-individual diversity of the colonic microbiota among humans as a result of, for example,
differences in dietary intake, age and presence of diseases, and the studies usually include only a few
subjects [61]. It is therefore difficult to tell how representative the results are. As for differences in
dietary intake, it has, for example, been observed that Prevotella spp. and other Bacteroidetes are more
common in a group of rural African children while Firmicutes are more prevalent in Italian children.
These variations were ascribed to differences in starch and fiber intake [60].

Firmicutes

65%

Bacteroidetes

30%

Protobacteria

2%

Verrucomcrobia

2%

Actinobacteria

1%

Others

0,1%
Spirochaetes, 
Fusobacteria, 
Deferribacteres, 
Cyanobacteria, 
Planctomycetes,
Lentisphaerae,
TM7 and Tenericutes.

Figure 2. The phyla composition of the human gut from Yang et al. [148].

The above-mentioned study performed by Tap et al. [147], aimed at finding an intestinal
microbiota phylogenetic core (a part of the microbiota that was common for more than 50% of
the patients) among 17 healthy, both male and female, individuals. It was found that 2.1% of the
detected operational taxonomic units (OTUs) were present in more than 50% of the individuals.
Using quantitative PCR, they found that Clostridium leptum cluster IV, Clostridium coccoides cluster XIV
and Bacteroides/Prevotella were the most dominating groups. The OTUs could be connected to species
such as Faecalibacterium prausnitzii (present in 16 of 17 individuals), Bacteroides vulgatus, Roseburia
intestinalis, Ruminococcus bromii, Eubacterium rectale, Coprobacillus sp. and Bifidobacterium lognum. It was
found that the abundance of a certain OTU did not necessarily always relate to the frequency of
observation. After applying a statistical model, it could be concluded that the 10 most frequent OTUs
were related to F. prausnitzii, Anaerostipes caccae, Clostridium spiroforme, and Bacteroides uniformis among
others [147]. Another study based on 16s rRNA stable isotope probing displayed a strong prevalence
of sequences related to Prevotella spp. (Bacteroidetes), Ruminococcus obeum (Clostridium cluster XIVa),
R. bromii (Clostridium cluster IV), E. rectale (Clostridium cluster XIVa), and Bifidobacterium adolescentis
(Actinobacteria) [149]. Results also suggested that R. bromii might act as a primary starch degrader while
the remaining species further degrade metabolites generated by R. bromii. This type of cross-feeding
is not uncommon; on the contrary, it appears to be a central property of some anaerobic microbial
communities [61].

In 1999, Suau and colleagues investigated the human bacterial colonic community by analyzing
feces for adult males using cloned 16s rRNA sequences [126]. They found that 95% of the clones
belonged to the Bacteroides group and to the species Clostridium coccoides and Clostridium leptum.
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The majority of recovered sequences did not belong to known cultivated microorganisms; however,
sequences were found that correspond to bacteria such as B. thetaiotaomicron, F. prausnitzii, B. uniformis,
B. vulgatus, Eubacterium eligens, E. rectale, and R. bromii. [126]. In yet another study, using 16S
rRNA gene sequencing, Wang and colleagues detected and quantitated 12 bacterial species in
human and animal fecal samples [150]. They found that F. prausnitzii, Peptostreptococcus productus,
and Clostridium clostridiiforme had high PCR titers in all fecal samples. Additionally, high PCR titers
were detected for B. thetaiotaomicron, B. vulgatus, and Eubacterium limosum in human adult fecal samples.
The authors stated that their results are consistent with previous studies, however, some differences
were detected when compared to cultured-based methods, and the findings were explained by
some species being non-culturable, making enumeration using such methods dependent on how
easily bacteria can be cultivated. In contrast, PCR can detect both unculturable and dead bacteria.
Additionally, their PCR method detected the bacteria in situ while detection occurs after enrichment
when using culture-based methods. Moore and Holdeman [151] used anaerobic tube culture techniques
to evaluate the microbial composition in human feces from 20 healthy Japanese–Hawaiian males.
They observed 113 different microorganisms using this method which accounted for 94% of all
viable cells, and the microorganisms included B. fragilis ss. vulgatus, F. prausnitzii, B. adolescentis,
Eubacterium aerofaciens, P. productus, rectale, and R. bromii among others. In another clinical trial,
Wang et al. [152] found that sequences related to Bacteroidetes and Clostridium cluster XIV and IV
dominated the clone libraries created from mucosal biopsies from the distal ileum, ascending colon
and rectum. However, no examples of predominant species of the ascending colon were mentioned.

In the studies mentioned above, fecal samples were used for the characterization attempts. This is
due to the fact that such samples are easy to collect, and it is believed that they represent the colonic
microbiota well. However, it should be kept in mind that certain microorganisms may not be well-
represented by fecal samples since they might be part of the colonic mucosal microflora. In a study
by Hold and colleagues [153], 16s rRNA gene sequencing was performed on colonic tissue samples
instead of fecal samples. The colonic tissue was taken from elderly people, DNA was extracted, and 16s
rDNA was used for PCR amplification before it was cloned into vector plasmids. In this study, 46%
of the clones that were analyzed belonged to the Clostridium cluster XIVa. Most sequences did not
show the closest resemblance to current species-type strains, however, 16 of 51 sequences were loosely
related to Eubacterium ramulus, E. rectale, Roseburia cecicola and Eubacterium halii; 14.5% of the sequences
belonged to the Clostridium cluster IV where 6 out of 16 sequences belonged to Ruminococcus spp and 4
out of 16 showed the closest resemblance to F. prausnitzii. Sequences belonging to the genus Bacteroides
constituted 26% of the analyzed clones with most of the sequences being closely related to B. vulgatus
and B. uniformis. Additionally, sequence similarity to Prevotella enoeca was found in one of the three
samples [153].

5. Can a Novel Media Based on the Microbiota be Developed?

A media based on chosen microorganisms instead of fecal samples would have several benefits.
Primarily, the reproducibility of such a media would be considerably higher and if the bacteria are
grown anaerobically the media would also to some extent be more relevant for the colon. However,
the choice of bacteria, in regard to the variability of the microbiota, is not straight forward. The media
should also have a relevant pH and the addition of other components such as human enzymes and
bile salts could be considered. However, as the bile salts to a large extent are reabsorbed before the
colon and the fact that the dominating enzymes are those produced by the bacteria, it could be possible
to simplify the system by excluding these endogenous components. If a simulated colon dissolution
media should be developed, there are several standards that should be fulfilled. Primarily, the bacteria
chosen should be relevant for the colon but also relevant for the components in the formulation. Thus,
bacteria that are known to produce extracellular enzymes that break down carbohydrates should be
considered. There are also practical concerns such as the number of bacterial species used should
not make the system too complex and the bacteria chosen should be compatible with each other.
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Furthermore, the media chosen for growth of the bacteria should be as simple as possible and relevant
for the colon but at the same time assure good growth of all bacteria chosen. Below we describe
five possible bacterial candidates and the rationale for choosing these candidates for a novel colon
dissolution media, primarily for evaluating carbohydrate-based formulations.

Faecalibacterium prausnitzii ATCC 27768. The species F. prausnitzii belongs to the phylum Firmicutes,
which, as mentioned before, is one of the phyla dominating the colonic microbiota. In a study
performed by Hold et al. where fecal samples from 10 healthy individuals consuming a Western diet
were collected, it was shown that prausnitzii made up between 1.4 and 5.9% of the total microbiota [154].
F. prausnitzii is one of the most important producers of the short chain fatty acid butyrate and therefore
the species has an influence on human health [155]. In a study comparing fecal samples from 20 patients
diagnosed with colorectal cancer, with 17 healthy individuals it was shown that the amounts of
F. prausnitzii and E. rectale in patients with colorectal cancer were almost four times lower. According to
a study performed by Lopez–Siles and colleagues, in an attempt to determine what substrate promotes
the growth of F. prausnitzii, no growth was observed when using arabinogalactan and little or no
growth on soluble starch. No fermentation was observed on Xylan, only a few of the used strains
were able to grow well on inulin, and while most strains grew well on apple pectin, the same was not
observed with citrus pectin. Additionally, most strains were able to grow on the host-derived substrate
N-acetylglucosamine and D-glucosamine and D-glucuronic acid could be used by some strains [156].
This indicates that F. prausnitzii can switch between non-host substrates and host substrates which gives
it a competitive advantage when dietary intake is reduced [61]. The fact that F. prausnitzii was able to
compete for apple pectin as a substrate with two species found in human feces that have been reported
to utilize pectin, namely Bacteroides thetaiotaomicron and E. eligens [157], suggests that F. prausnitzii
might play a significant role in pectin fermentation in the colon of humans [156]. There are also
studies available that indicate that F. prausnitzii can utilize prebiotics such as galactooligosaccharides
for growth [158]. Additionally, in a study performed by Ramirez-Farias and colleagues, consumption
of inulin-oligofructose increased the levels of F. prausnitzii. However, more research on the effect of
inulin on growth of this species is necessary since no effect on counts of F. prausnitzii was observed as
a result of higher inulin intake in yet another study [159].

Ruminococcus bromii ATCC 27255 R. bromii is an anaerobic, Gram-positive bacterial species that
belongs to the Firmicutes. It has been reported to be a starch-degrading species. In a study performed
by Ze et al. [160]. the ability of R. bromii to use different starches was compared to that of three other
amylolytic species present in the human large intestine, namely E. rectale, B. thetaiotaomicron and
B. adolescentis. It was noted that the starch utilization varied between the species depending on the type
of starch and its pretreatment. Overall, R. bromii and B. adolescentis appeared to be more active than the
other two species and they were notably more active in degrading raw or boiled resistant starches.
Additionally, when all four species were grown together, it was observed that the starch utilization
was higher compared to when the combinations with the other three species without R. bromii were
co-cultivated. From the results, it was concluded that R. bromii was the most potent resistant starch
degrader in the experiment. In the same study, the ability of the species to utilize starch metabolites
was investigated. While not being able to utilize glucose, R. bromii could make use of breakdown
products such as fructose and pullulan. It was also observed that some breakdown products created
by R. bromii could be used by the three remaining species, indicating that there is a possibility of
cross-feeding between the species used in this study [160]. There are also articles available that report
an increase in R. bromii in individuals on diets with a higher amount of resistant starch. In a study
from 2011, where fecal samples from obese men on different diets were compared, an increase in
the number of R. bromii and E. rectale was observed when subjects were given a diet rich in resistant
starch. It also appeared that a resistant starch-enriched diet stimulated an increase in species related
to R. bromii and E. rectale [59]. A similar increase in R. bromii-related species was observed in a study
using healthy individuals on diets supplemented with resistant starch. Additionally, despite the fact

32



Pharmaceutics 2019, 11, 95

that an increase in SCFAs was noted in fecal samples when the subjects were on the resistant starch
diet, this observation could not be connected to the abundance of R. bromii [161].

Eubacterium rectale ATCC 33656. As previously mentioned, E. rectale is a Firmicutes species
belonging to the Clostridia cluster XIVa, that has been reported to be abundant in the human colon.
Studies have shown that the species has an ability to degrade resistant starch and that its abundance
in feces increases on a resistant starch-enriched diet [59]. Additionally, in a study from 2007, it was
observed that the number of bacterial groups consisting of relatives of E. rectale and Roseburia spp.
decreased significantly when subjects were on a diet low in carbohydrates. It was also noted that
the concentration of SCFAs, and specifically butyrate, decreased in the feces in the same manner
leading to the theory that these play an important role in butyrate production in the colon [162].
An E. rectale strain used in a study by Scott and colleagues, also proved to be able to grow on short
chain fructooligosaccharides, xylooligosaccharides and amylopectin potato starch but failed to grow
well on long chain inulin. The production of SCFA was also assessed in culture supernatants after
24 h of growth and showed butyrate, formate and lactate as the main fermentation products of
E. rectale [163].

Bacteroides uniformis belongs to the Bacteroidetes phylum and allegedly has the ability to ferment
a variety of polysaccharides. In a recent study from 2017, a strain of B. uniformis was isolated from
infant stools, sequenced and grown on different carbon sources. Additionally, the genome expression
patterns resulting from growth on these substrates were examined. The carbon sources used in the
experiment were glucose, inulin, gum arabic (consisting of a complex mixture of branched polymers
of galactose, rhamnose, arabinose, and glucuronic acid), pectin, wheat bran extract (mostly composed
of a mixture of low weight xylo- and arabinoxylo-oligosaccharides) and mucin. It was observed that
B. uniformis was able to grow on all these substrates. However, it was noted that the more complex
polysaccharides such as those present in gum arabic, inulin and pectin were fermented less efficiently
than the simpler oligosaccharides. It was concluded that this observation could be related to the origin
of the bacterial strain, which in this case, came from infant stool. The analysis of the genome of B.
uniformis showed that the species possesses a large panel of genes coding for so-called CAZymes
(carbohydrate-active enzymes) compared to other Bacteroides species such as B. thetaiotaomicron and
Bacteroides cellulosyliticus. Its ability to degrade mucin suggests that it might be able to grow on
host-derived substrates and colonize the mucosa of the colon. Additionally, it was observed that
production of the neurotransmitter GABA (gamma-amino butyric acid) increased significantly when B.
uniformis was grown on mucin and pectin compared to growth on glucose. Lastly, pectin, gum arabic,
and especially mucin, upregulated the expression of genes involved in butyrate production [164].

Prevotella copri CCUG 58058T. Even though Prevotella is mentioned as a family of bacteria that
is common in the large intestine, it was difficult to find an example of a specific dominating species.
Therefore, a random species known to exist in the large intestine was chosen, namely Prevotella copri.
The species is a Gram-negative bacterium that belongs to the phylum Bacteroidetes. Scher and colleagues
found that it is present in the stool of both healthy individuals and patients with rheumatoid arthritis,
however, the species appeared to be overexpressed in the latter case. Since the prevalence of P. copri
was similar in healthy individuals and in treated patients with reduced disease activity, they speculated
that P. copri benefits from inflammatory conditions [165]. The fermentation of carbohydrates by P. copri
in the large intestine does not seem to have been thoroughly explored. However, in a study from 2015,
the gut microbiota was compared between healthy individuals who responded to the consumption
of barley kernel-based bread, to those healthy individuals who did not respond or responded the
least. Kovatcheva–Datchary and colleagues discovered an increased Prevotella/Bacteroides ratio in the
responders compared to the non-responder. It was found that P. copri was the most abundant out of
the Prevotellaceae species in the responders and this was also associated with an increased potential in
fermentation of complex polysaccharides [166].
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6. Conclusions

In this review, we have presented the most commonly used methods to study colon release.
Although colon delivery has been studied extensively and there exists several different methods for
in vitro studies of colon release and digestion of food, we think there is still a need for new in vitro
methods. Primarily, there is a need for methods that include microorganisms but that are more
reproducible and to some extent experimentally simpler than the current praxis of using fecal samples
or caecum content.
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Abstract: The use of lipid-based formulations (LBFs) in improving the absorption of poorly
water-soluble drugs has now well established. Because the in vivo evaluation of LBFs is
labor-intensive, in vitro or ex vivo approaches could provide advantages. In this study, a new
ex vivo lipolysis-absorption model (evLAM) composed of an intestinal digestion system and an
intestinal tissue system was developed to evaluate and predict the in vivo absorption performances
of LBFs. Model factors, including the pH of the system and concentrations of D-glucose and
pancreatic lipase, were investigated and optimized by a Box-Behnken design. To evaluate this
new model, a lipid formulation of indomethacin, which was chosen based on preliminary studies
of pseudo-ternary phase diagrams, emulsion droplets, and solubility, was further investigated by
an in vivo pharmacokinetic study of rats, the everted gut sac model, and the evLAM, respectively.
The absorption percentages obtained from the evLAM were much more similar to the data of rats
in vivo than those from the everted gut sac model, showing a preferable in vitro-in vivo correlation
(r = 0.9772). Compared with the conventional in vitro and in vivo methods, the evLAM, which allowed
precise insights into the in vivo absorption characteristics without much time or a complicated process,
could be a better tool for assessing LBFs of poorly water-soluble drugs.

Keywords: lipid-based formulations; lipolysis; absorption; poorly water-soluble drugs; model

1. Introduction

For the oral delivery of poorly water-soluble drugs, lipid-based formulations (LBFs) have gained
increasing attention due to enhanced oral bioavailability [1,2]. The main mechanism for the enhanced
bioavailability of LBFs [3–8] was probably the pre-dissolved state of drugs in LBFs, which could
reduce the energy associated with the solid-to-liquid phase transition process and cause the enhanced
drug solubilization by colloidal structures. The formations of colloidal structures were the results of
interactions among LBFs, their digestion products, and endogenous surfactants such as bile salts and
phospholipids [9–13]. The powerful digestive system in the intestine could play an important role in
the fate of LBFs [14,15].

It is very important to provide a fast and accurate method to evaluate the in vitro and
in vivo characteristics of LBFs. Because the in vivo pharmacokinetics study is expensive and
labor-intensive, the evaluation of LBFs by in vitro or ex vivo assays could present important advantages.
Conventional in vitro methods for screening formulation and evaluating characteristics of LBFs are
based on the pseudo-ternary phase diagram, the comparison of droplet size and solubility, and the
in vitro lipolysis [16,17]. Phase diagram, emulsion droplet size, and in vitro solubility assays are
important for the preliminary choice of a lipid-based formulation, especially for microemulsions and
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self-microemulsifying drug delivery systems. However, the in vitro findings in these assays only
correlate poorly with the in vivo absorption characteristics.

The in vitro lipolysis model for assessing the fate of drugs of LBFs, whether they were soluble or
precipitated in the intestinal digestive system, has been well-recognized [18–24]. The standard in vitro
lipolysis assay was performed using a pH-stat to maintain the pH of the system, adding porcine
pancreatin to serve as a lipase-colipase model for human pancreatic juice, and using bile salt-lecithin
mixed micelles to provide a solubilization environment. The data generated from the pH-stat could
be used to quantify the rate and extent of lipolysis through recording the amounts of free fatty acids
released from LBFs. After the reaction had been terminated, the products of lipolysis could be examined
to determine the fate of the drug after lipolysis [5,19]. The in vitro lipolysis model is useful for the
optimization of LBFs and has been used for lipid nanoparticles [25]. Since the pancreatic extract contained
both the pancreatic lipase and carboxyl ester hydrolase, the in vitro lipolysis model was improved by
using porcine pancreatic extract, as it was therefore permitted to mimic the duodenal digestive lipolysis
in a biorelevant manner. However, the in vitro lipolysis model may not be predictive for actual in vivo
absorptions due to the lack of effective simulation of the internal physiological environment. However,
the in vitro lipolysis model may not be predictive for actual in vivo absorptions due to the lack of effective
simulation of the internal physiological environment [24].

The everted gut sac model (EGSM), commonly using intact intestinal mucosal epithelium of
rats to mimic the in vivo conditions, has been widely used to pharmacokinetic studies such as drug
absorption, drug metabolism in intestinal segments, efflux transport, multidrug resistance, and drug
interactions [26]. The viability of intestinal segments under in vitro conditions was impacted by
experimental factors such as pH, aeration, temperature, and the concentration of the substance.
The EGSM provides a relatively large surface area available for absorption and a mucus layer.
Consequently, results from EGSM have been in agreement with in vivo findings for many drugs [26].
However, the EGSM could not accurately evaluate LBFs due to the lack of the simulation of the lipolytic
condition. Therefore, it was hypothesized that the combination of the EGSM and the in vitro lipolysis
model could form a new ex vivo model which should be much closer to the in vivo conditions and,
resultantly, could evaluate LBFs more accurately.

The first aim of this study was to establish a new ex vivo lipolysis-absorption model (evLAM) for
evaluating and predicting the in vivo performance of LBFs. In this study, the evLAM composed of an
intestinal digestion system (a pH-stat to maintain the pH of the system, adding porcine pancreatin to
serve as a lipase-colipase model for human pancreatic juice, and using bile salt-lecithin mixed micelles
to provide a solubilization environment) and an intestinal tissue system (intestinal segments under
physiological medium to obtain absorption data). The new evLAM was much closer to the in vivo
conditions and resultantly could evaluate LBFs more accurately. Model factors, including the pH of
the system and concentrations of Ca2+, D-glucose, K+, and pancreatic lipase, were investigated and
optimized by a three-level Box-Behnken design. The pH of the system, concentrations of D-glucose,
and pancreatic lipase were chosen as the independent variables; the intestinal tissue activity and the
fatty acid concentration were the dependent variables [19,27,28].

Furthermore, the in vitro absorptions obtained from the new evLAM and the conventional EGSM
were compared with the pharmacokinetics data of rats. The in vitro-in vivo correlations of absorption
curves obtained from the two models were further compared to indicate the advantages of the new
model in evaluating and predicting the in vivo performance of LBFs.

2. Experimental Section

2.1. Materials

Sodium taurodeoxycholate (97%), porcine pancreatin (8 × USP specifications activity), and Trizma
maleate (99.5%) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Medium chain mono-
and di-glyceride (Capmul MCM) were kindly donated by Abitec Co. (Janesville, WI, USA). Lecithin
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(approximately 80% pure phosphatidylcholine) was a gift from Q.P. Co. (Fuchu-Shi, Tokyo, Japan).
Indomethacin (99.5%) was purchased from Zizhu Pharmaceutical Co. (Beijing, China). The Naproxen
sodium reference substance (99.9%) and indomethacin reference substance (99.9%) were purchased
from the China Institute for the Control of Drugs and Biological Products (Beijing, China). A lactate
dehydrogenase Assay Kit was purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Other chemicals were of HPLC or analytical grade.

2.2. Preparation of the Intestinal Tissue Medium in the Fasted State

1.25 mM of lecithin was dissolved in chloroform in a round bottom flask, and then chloroform
was evaporated off under vacuum, resulting in a thin film of lecithin around the bottom of the flask.
After the addition of 5 mM of sodium taurodeoxycholate, 50 mM of Trizma maleate, and 150 mM of
NaCl and Ca2+ solution (at 1, 3, 5 or 10 mM), the mixed solution was adjusted with NaOH or HCl to a
pH of 7.500 ± 0.001 and then stirred and equilibrated for 12 h; after which, it finally formed a clear and
slightly yellow solution. At last, D-glucose solution (at 0, 5, 10 or 15 mM) and K+ solution (at 0, 3.5, 5.5
or 6.5 mM) were added in before use.

2.3. Preparation of Intestinal Segments

All surgical and experimental procedures were approved by the Animal Research Ethics
Committee of Zunyi Medical University (No.: ZMCER2018A051). Male Wistar rats (Chongqing,
China) 11–12 weeks old, 250 ± 20 g in weight, and fasted for 24 h prior to the experiment were
anaesthetized intraperitoneally with 3.5% chloral hydrate (1 mL·100 g–1). The small intestine was
removed out and washed three times with saline (0.9% NaCl solution) at 37 ◦C. The intestine was
immediately placed in an oxygenated (O2: CO2 = 95:5% v/v) intestinal tissue medium (pH 7.5, 37 ◦C).
The intestinal segment (5–7 cm in length) was everted on a tube (2.5 cm in diameter), and then one end
was sealed with a clamp.

2.4. Establishment of the evLAM

A new evLAM, composed of an intestinal tissue system (intestinal segment, medium, temperature
controlled stirrer, vents, and O2/CO2) and an intestinal digestion system (pH-stat meter controller,
NaOH autoburette, pH electrodes, and computer) was set up based on characteristics of intestinal
digestion of LBFs. As shown in Figure 1, the intestinal segment was filled with fresh and oxygenated
intestinal tissue medium using a 1 mL glass syringe and then incubated in a centrifuge tube containing
oxygenated intestinal tissue medium with the lipid-based formulation to be assayed at 37 ◦C. Lipase
and pancreatin were used to mimic the intestinal digestive lipolysis in a biorelevant manner. Then,
the pancreatic lipase extract, which was prepared by adding 1 g of porcine pancreatic lipase powder
into 5 mL of digestion buffer (Trizma maleate, NaCl, Ca2+, pH 7.5) and stirred for 15 min followed
by centrifugation at 1,600× g and 5 ◦C for 15 min, was added to initiate lipolysis. In the process of
the lipolysis, the pH of the system was sustained by a pH-stat automatic titration unit with 0.2 M
NaOH. At designated intervals of 2 h experiment, samples of 200 μL were collected from the gut sac
and conserved at −20 ◦C until analysis. Each experiment was performed by three parallel treatments,
and the average value was used. At the same time, the fresh intestinal tissue medium with the same
volume was added.
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Figure 1. The new lipolysis-absorption model for lipid-based formulations: (1) Vent; (2) pH
electrode; (3) intestinal tissue medium; (4) NaOH autoburette; (5) intestinal segment; (6) sampler;
(7) a lipid-based formulation; (8) pancreatic lipase/colipase; (9) O2/CO2; (10) temperature controlled
stirrer; (11) computer; and (12) pH-stat meter controller.

2.5. Optimization of the evLAM

2.5.1. Measurement of the Attenuation Rate of Intestinal Tissue Activity

The concentrations of lactate dehydrogenase in the sample at every time point was measured by
the lactate dehydrogenase assay kit. The determination was performed three times, and the average
value was used. The attenuation rate (AR) of intestinal tissue activity was calculated as follows.

AR = (CLDHend − CLDH0)/time interval (1)

where CLDHend was the concentration of lactate dehydrogenase at the end, and CLDH0 was the
concentration of lactate dehydrogenase at the beginning. The release of lactate dehydrogenase
increased with the increasing damage of intestinal tissue. The faster intestinal tissue activity decreased,
the faster the attenuation rate was.

2.5.2. Analysis of the Amount of Fatty Acids

The release of free fatty acids from the lipolysis of LBFs was monitored using a titration
method [29]. The amount of fatty acids in each sample was determined by the end-point titration with
0.2 M of NaOH. The determination was performed by three parallel treatments, and the average value
was used.

2.5.3. Three-Level Box-Behnken Design

A three-level Box-Behnken design comprised of 15 experimental runs was constructed by
Design-Expert (Version 8.0.0, Stat-Ease Inc., Minneapolis, MN, USA) [30]. Independent variables
and dependent variables are listed in Table 1 along with their low, medium, and high levels and target
value, which were selected based on results from preliminary experiment.
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Table 1. Variables and their levels in the Box-Behnken design.

Factor
Levels used, Actual (Coded)

Low (–1) Medium (0) High (+1)

Independent variables
X1 = the pH of the system 6.5 7.5 8.5

X2 = D-glucose concentration (mM) 5 10 15
X3 = pancreatic lipase concentration (unit·mL–1) 2500 4250 6000

Dependent variables Target value
Y1 = Attenuation rate of intestinal tissue activity (U·L–1·min–1) Minimize

Y2 = Amount of Fatty Acids (mmol) 4.468~4.703

2.6. Evaluation of the evLAM

2.6.1. Choosing a Lipid-Based Formulation of Indomethacin

A lipid formulation of indomethacin was chosen as follows: Solubility and pseudo-ternary phase
diagrams were first studied to obtain four formulations, Formulation I to IV (shown in Supplementary
Figures S1 and S2). Then, in vitro characteristics of these four formulations, such as the droplet size,
self-emulsifying efficiency, and solubility, were determined (shown in Supplementary Table S1). Based
on the results, the optimal formulation of indomethacin, Formulation II composed of Labrafac@Lipohile
WL1349, Cremophor RH40, and Transcutol P (20:60:20, w/w), was chosen for further studies. The
solubility of indomethacin in Formulation II was 32.19 mg/g, and the drug content of indomethacin in
Formulation II was 16.0 mg/g. After lipolysis, the proportion of drug dispersed in aqueous phase and
precipitation phase was 86.95 ± 0.75% and 12.50 ± 0.26%, respectively.

2.6.2. HPLC Analysis of Indomethacin

The concentration of indomethacin was determined by an HPLC analysis system (Agilent 1200,
Agilent Technologies, Santa Clara, CA, USA) with an Agilent ODS-C18 column (250 × 4.6 mm,
5 μm). The column temperature was 25 ◦C, and the injection volume was 10 μL. The mobile phase
was a mixture of acetonitrile and 0.1 M sodium acetate at a ratio of 40:60 (v/v), with pH of 5.0
adjusted by acetic acid. The detection was carried out at a wavelength of 320 nm, with a flow rate of
1.0 mL/min. The percent relative standard deviation (RSD%) of method precision was lower than
2%. The observed-to-expected ratios for spiking recovery ranged from 100.8% to 101.1%, showing the
acceptable accuracy of the method. The sensitivity of the method represented by limit of quantitation
was 0.1 μg/mL.

2.6.3. Comparison of the In Vitro Absorption between evLAM and EGSM

The evLAM optimized above was used to investigate the in vitro intestinal absorption of
indomethacin of Formulation II. Briefly, a known quantity of Formulation II (250 mg formulation per
10 mL intestinal tissue medium) was crudely emulsified in the intestinal tissue medium in a centrifuge
tube. Lipolysis was initiated by the addition of pancreatic lipase extract into the gut sac. Samples
were collected at designated intervals, and drug concentrations were measured by HPLC as described
above. The in vitro cumulative absorption percentage (Pa) was calculated as follows:

Pa =

(Vmea × Cn × Vbal
Vsam

+ Vmea ×
n−1
∑

t=1
Ci)/V

C
× 100% (2)

where Cn was the drug concentration of each sample; Vbal was the volume of the intestinal tissue
medium before balance; Vsam was the volume of samples collected at each time point; Vmea was the
volume of samples measured at each time point; V was the total volume of the intestinal tissue medium
in the gut sac; and C was the initial drug concentration.
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The conventional EGSM was also used to study the in vitro intestinal absorption of indomethacin
of Formulation II. After anesthesia of rats, an intestinal segment (about 6 cm) was removed rapidly.
The segment was washed with saline at 4 ◦C and everted over a glass rod gently. One end of the
everted segment was tied with suture, and then the intestinal segment was filled with Krebs solution
at 37 ◦C by needle tubing. The other end of the filled intestinal segment was hanged up with a tie.
Finally, the intestinal segment was put into a beaker containing 20 mL medium with Formulation II at
37 ◦C. Samples of 0.1 mL were collected at designated intervals, and the drug concentrations were
measured by HPLC as described above. The blank medium of 0.1 mL was replenished at each time
point. The value of Pa was also calculated as described above.

2.6.4. In Vivo Absorption Study of Indomethacin LBF

A pharmacokinetic study was designed to investigate the in vivo absorption of the indomethacin
LBF, Formulation II. Five Male Wistar rats (250 ± 10 g), which had been acclimatized for at least 1–2
weeks before the experiment, were fasted for 24 h prior to drug administration but allowed free access
to water. Formulation II was administered intragastrically to each rat at a dose of 4.5 mg·kg–1 of
indomethacin. About 200 μL of blood sample was collected from the rat tail vein into heparinized
tubes at designated time intervals [31]. Plasma was separated by centrifugation and stored at −20 ◦C
until analysis.

The concentration of indomethacin in plasma was determined by HPLC [32] as follows: 10 μL of
internal standard solution (200 mg·L–1 naproxen sodium solution) was added into 150 μL of plasma
and mixed for 5 min. Then, 15 μL of a phosphate buffer (pH 7.0) and 20 mg of NaCl were added.
The sample was extracted with 375 μL acetidin by vortex-mixing for 10 min and centrifuging at
10,000× g. The supernatant was transferred to a clean tube and evaporated by nitrogen purging.
The residue was reconstituted in 50 μL methanol. After vortex-mixing for 10 min, 20 μL of the sample
was used for HPLC as described above. The 3p97 computer program and a Wagner-Nelson method
were employed to analyze the plasma concentration-time data. The in vivo absorption percentage (f a)
was calculate as follows.

fa =
Ct + Ke

∫ τ
0 Ctdt

Ke
∫ ∞

0 Ctdt
× 100% (3)

where Cn was the drug concentration at each time point, and Ke was the elimination rate constant.

2.7. Statistical Analysis

All data were expressed as mean ± SD. Statistical analysis and data fitting were performed using
SPSS 16.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) was performed to
test differences for statistical significance. Difference between mean values was considered statistically
significant at p < 0.05 and very statistically significant at p < 0.001.

3. Results and Discussion

3.1. Effects of Components of the evLAM on Activity of Intestinal Tissue

As a new model for assessing the in vitro absorption of LBFs, it was important to simulate the
actual dynamics of intestinal fluids. Because the viability of intestinal tissue under in vitro conditions
was impacted by many factors, it was also important to select components of this new evLAM based on
the minimal tissue damage. Components of the evLAM and their concentration ranges were all chosen
as a compromise between in vivo values as the literatures reported [27,28,33–37] and pre-experiments
in our laboratory. Trizma maleate was chosen at the concentration of 50 mM, which was similar
to that used in other studies [19,38–42]. Sodium taurodeoxycholate and phosphatidylcholine were
both added because that the administered exogenous lipids and their digestion products could
intercalate into endogenous sodium taurodeoxycholate and phosphatidylcholine structures, changing
the nature of solubilizing species, promoting micelle swelling and further increasing solubilization
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capacity [10,15,33]. Concentrations of sodium taurodeoxycholate and phosphatidylcholine in intestinal
fluid after oral administration of LBFs have not been reported, so 5 mM of sodium taurodeoxycholate
and 1.25 mM phosphatidylcholine were chosen in the evLAM based on their typical concentrations in
the fasted state as the literatures reported [10,15,33].

Influences of Ca2+, D-glucose, K+, pH, and pancreatic lipase on the activity of intestinal segments
in the evLAM were investigated. Value ranges of these model factors were set up based on the
literatures. The same amount of Formulation II was used in the evLAM with different levels of
model factors. Attenuation rates of the activity of intestinal segments under different conditions were
measured and are shown in Figure 2.

 
Figure 2. Influences of Ca2+, D-glucose, K+, pH, and pancreatic lipase on the attenuation rate of the
intestinal tissue activity of the ex vivo lipolysis-absorption model. (Mean ± S.D., n = 5). *** very
statistically significant (p < 0.001) compared with D-glucose of 0 mM, K+ of 0 mM, pancreatic lipase
of 1000 uint·mL–1 and pH of 5.5, respectively. ### very statistically significant (p < 0.001) difference in
pairwise comparison.

Though there was no mention of a calcium binding site in the 3-D structure of pancreatic
lipase/co-lipase complex [34,35], Ca2+ was necessary for the activity of pancreatic lipase. The formation
of Ca2+-soaps could draw the equilibrium towards the ionized fatty acids and maintain lipolysis in
the presence of bile [36]. The mean concentration of Ca2+ in the fasted state was 0.5–3 mM in the
duodenum, and Ca2+ of 1–10 mM was investigated in the previous studies [27,28,37]. As shown in
Figure 2, no significant differences in the attenuation rate of intestinal tissue activity were seen in
a range of Ca2+ concentrations, which suggested that Ca2+ did not directly influence the activity of
intestinal tissue.

The attenuation rate of intestinal tissue activity decreased with the increasing concentration
of D-glucose in the range of 0–15 mM, suggesting that the higher concentration of D-glucose could
maintain the activity of intestinal tissue for a much longer time. It was probably due to that D-glucose
was the energy source for cell metabolism.

The attenuation rate of intestinal tissue activity was significantly decreased after adding K+. This
could be due to the fact that the Na+ pump was usually activated upon K+, benefitting the secondary
active transport of D-glucose [43] and providing more energy to intestinal tissue cells. However, when
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the amount of K+ was sufficient in the concentration range of 3.5–6.5 mM, there were no significant
changes in attenuation rate of intestinal tissue activity.

The pH value of the in vitro lipolysis model showed a high variability ranging from 5.8 to
8.5 [27,28]. As shown in Figure 2, the decreased attenuation rate of intestinal tissue activity appeared
significantly at the pH range of 5.5 to 7.5, but the increased attenuation rate of intestinal activity was
observed at pH 8.5. It was suggested that it was important for the activity of intestinal tissue to select a
moderate pH.

The pancreatic lipase had an activity of 500–600 unit·mL–1 in the fasted state and
800–1800 unit·mL–1 in the fed state, respectively [14,34,35]. In some previous studies, the pancreatic
lipase reached up to 10,000 unit·mL–1 [19]. As shown in Figure 2, the attenuation rate of intestinal
tissue activity was significantly decreased when the pancreatic lipase concentration increased from
1000 to 4000 unit·mL–1, but the attenuation rate increased when the pancreatic lipase reached up to
6000 unit·mL–1. It was suggested that excessive pancreatic lipase might damage intestinal tissue.

From the results above, it could be seen that the pH of the system, concentrations of D-glucose,
and pancreatic lipase had much more influence on the activity of intestinal tissue than the other model
factors. Therefore, these three factors were chosen as independent variables of Box-Behnken design for
optimizing the evLAM.

3.2. Optimization of the evLAM by Box-Behnken Design

All the responses observed for 15 experimental runs were simultaneously fitted to first order,
second order, and quadratic models by Design Expert 8.0. It was observed that the best-fitted model
was the quadratic model. Comparative values are given in Table 2 along with the regression equations
generated for each response. Only statistically significant (p < 0.05) coefficients were included in
the equations.

A positive value indicated an effect that favored the optimization, while a negative value
represented an inverse relationship between the factor and the response. As shown in Table 2, it
was evident that the pH of the system (X1) had positive effects on the two responses—the attenuation
rate of intestinal tissue activity (Y1) and the amount of fatty acids (Y2). Concentrations of D-glucose
(X2) and pancreatic lipase (X3) had positive effects on the amount of fatty acids but had negative effects
on the attenuation rate of intestinal tissue activity. More than one factor term or the coefficients with
higher order terms in the regression equation represented, respectively, interaction terms or quadratic
relationships, which suggests that the relationships between factors and responses were not always
linear. As shown in Table 2, the interaction effect of concentrations of D-glucose and pancreatic lipase
was only positive for the attenuation rate of intestinal tissue activity, but interaction effects between pH
and D-glucose concentration, pH, and pancreatic lipase concentration were unfavorable for the amount
of fatty acids. Higher and positive quadratic effects of pH and D-glucose concentration were observed
for both the attenuation rate of intestinal tissue activity and the amount of fatty acids. Quadratic effects
of pancreatic lipase concentration were positive or negative for the attenuation rate of intestinal tissue
activity and the amount of fatty acids, respectively.

Table 2. Regression analysis for responses for fitting to quadratic model.

R2 Adjusted R2 Predicted R2 SD % CV

Y1 0.9999 0.9996 0.9982 0.026 1.31

Y2 0.9966 0.9921 0.9656 0.16 3.32

Regression equations of the fitted quadratic model

Y1 = 0.40 + 0.69X1 − 0.99X2 − 0.40X3 − 0.08X1X2 − 0.049X1X3 + 0.064X2X3 + 1.33X1
2 + 0.74X2

2 + 0.82X3
2

Y2 = 4.55 + 2.13X1 + 0.27X2 + 0.75X3 − 0.089X1X2 − 0.20X1X3 + 0.72X1
2 + 0.10X2

2 − 0.41X3
2
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Three-dimensional response surface plots, which could represent interactions of all factors on the
responses more clearly, are shown in Figures 3 and 4. When the third factor was kept at a constant
level, these plots were very useful in study of the effects of another two factors on the response at the
same time.

 
(a) (b) 

 

 

(c)  

Figure 3. Response surface plots showing interaction effects of pH, D-glucose, and pancreatic lipase on
the attenuation rate of intestinal tissue activity when (a) pancreatic lipase, (b) D-glucose, and (c) pH
held constant, respectively.

 
(a) (b) 

Figure 4. Response surface plots showing interaction effects of pH, D-glucose, and pancreatic
lipase on the amount of fatty acids from digestion when (a) pancreatic lipase or (b) D-glucose held
constant, respectively.
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As shown in Figure 3a, when the pH of the system was 6.5 or 8.5, the attenuation rates of intestinal
tissue activity were higher than those at other moderate levels of pH, regardless of the D-glucose
concentration. A similar observation can be seen in Figure 3b. The attenuation rate of intestinal tissue
activity increased when the pH of the system changed from the middle to the both ends of the range of
6.5 to 8.5, whether at low or high concentration of pancreatic lipase. It suggested that the moderate
pH was favorable for the intestinal tissue activity, which was due to that the moderate pH simulated
the physiological environment of intestinal tract in vivo. However, Figure 4 shows that the amount of
fatty acids increased always with the increasing pH, which suggests that the high pH could promote
the in vitro lipolysis. It might be due to that pancreatic lipase showed the highest catalytic activity
in vitro around pH of 8 [35,40–42]. In the literature [28,35,40–42], the pH was usually set about 7.4,
which was the optimum value for the intestinal cell culture and the best activity of pancreas lipase.

Figure 3a shows that the attenuation rate of intestinal tissue activity decreased as D-glucose
concentration increased from 5.0 mM to 15.0 mM, whether at low or high level of pH. A similar
observation can be seen in Figure 3c. The attenuation rate of intestinal tissue activity decreased with
the increasing concentration of D-glucose, whether at low or high concentration of pancreatic lipase.
The possible explanation was that more energy source from D-glucose was provided for intestinal
tissue cells at higher concentrations of D-glucose, which could maintain the activity of intestinal tissues
well in vitro. Moreover, Figure 4a shows that there was a slight increase in the amount of fatty acids
with the increase of D-glucose concentration, whether at low or high level of pH. All the results above
suggested that the high concentration of D-glucose was favorable for the evLAM.

As shown in Figure 3b, the attenuation rate of intestinal tissue activity would be at the least level
when the concentration of pancreatic lipase was in the middle of the range of 2500 to 6000 unit·mL–1,
whatever the pH of the system was. Figure 3c shows the similar variation trends in the attenuation
rate of intestinal tissue activity with the concentration of pancreatic lipase, whether at low or high
concentration of D-glucose. However, Figure 4b shows that the amount of fatty acids increased with
the increasing concentration of pancreatic lipase, which suggested that the high concentration of
pancreatic lipase could promote the in vitro lipolysis. Thus, the optimal concentration of pancreatic
lipase should be a compromise between the optimal conditions in vitro for the intestinal tissue activity
and the lipolysis.

The optimum evLAM was selected based on the criteria for attaining the optimum value of the
model by applying constraints on the attenuation rate of intestinal tissue activity (minimum) and
the amount of fatty acids (4.468 ≤ Y2 ≤ 4.703). Based on ‘trading of’ various response variables and
comprehensive evaluation of feasibility search and exhaustive grid search, the evLAM with pH of 7.37,
D-glucose of 12.06 mM, and pancreatic lipase of 4.94 × 103 unit·mL−1 was found to fulfill the optimum
model. The predicted values and the observed values were in reasonably good agreement (Table 3).

Table 3. Optimized values obtained by the constraints applied on the attenuation rate of intestinal
tissue activity (Y1) and the amount of fatty acids (Y2) (Mean ± S.D., n = 5).

Variable Nominal Values Response Predicted Values Observed Values

X1 (the pH of the system) 7.37 Y1 (U·L–1·min–1) 0.041 0.047 ± 0.002
X2 (D-glucose concentration) 12.06 (mM) Y2 (mmol) 4.629 4.355 ± 0.720

X3 (pancreatic lipase
concentration) 4.94 × 103 (unit·mL−1)

3.3. Evaluate of the evLAM by the Pharmacokinetics in Rats

The first aim of this study was to establish the ex vivo lipolysis-absorption model for evaluating
and predicting the in vivo performance of LBFs. We conducted the in vivo pharmacokinetic studies
to obtain the real absorption of formulations in vivo. Figure 5 shows that absorption percentages
obtained from the new evLAM (Pa1) were far higher than those from the conventional EGSM (Pa2)
within 2 h. The EGSM provided a relatively large surface area available for absorption and a mucus
layer [26] but lacked the simulation of lipolytic condition, resulting in the inadequate absorption

52



Pharmaceutics 2019, 11, 164

in vitro of LBFs. On the contrary, the evLAM provided the almost real environment for the digestion of
LBFs. Therefore, the in vitro absorption of poorly water-soluble drugs in LBFs could be obtained more
accurately by the evLAM.

 
Figure 5. Absorption percentages of the lipid-based formulation of indomethacin from the new
ex vivo lipolysis-absorption model (�, Pa1), the conventional everted gut sac model (•, Pa2) and
pharmacokinetics test of rats (�, f a) within 2 h. (n = 5).

Figure 6 shows the in vitro-in vivo correlations (IVIVC) of absorption curve obtained from the
new evLAM and the conventional EGSM. The regression correlation coefficient (r) of IVIVC for the
evLAM (r1 = 0.9773, n = 7) was far higher than the critical correlation coefficient (r = 0.8740, P < 0.01,
n = 7), while r for the EGSM (r2 = 0.7852, n = 7) was below the critical correlation coefficient. Therefore,
there was a significant correlation between the absorption curve from the evLAM and the in vivo
absorption curve of rats. It was suggested that the evLAM possessed good ability to predict the in vivo
performance of lipid formulations. On the contrary, there was no significant correlation between
the absorption curve from the EGSM and the in vivo absorption curve of rats. Indeed, these results
demonstrated that the evLAM, allowed precise insights into the in vivo absorption characteristics
of LBFs, which suggests that it should be an attractive and great potential method for screening
formulation and evaluating characteristics of LBFs.

 
Figure 6. Plots of the in vivo-in vitro correlation of absorption curve for the lipid-based formulation
of indomethacin obtained from the conventional everted gut sac model (�) and the new ex vivo
lipolysis-absorption model (•), respectively.
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4. Conclusions

In this paper, a new evLAM was developed to predict the intestinal absorptions of poorly
water-soluble drugs in LBFs. This new model was composed of an intestinal digestion system and an
intestinal tissue system. D-glucose, pancreatic lipase, and pH significantly affected the in vitro activity
of intestinal tissue and the in vitro lipolysis. The optimal model parameters by the Box-Behnken
design were set up as follows: a pH of 7.37, D-glucose of 12.06 mM, and a pancreatic lipase of
4.94 × 103 unit·mL−1. For a typical lipid-based formulation, absorption percentages obtained from the
optimal evLAM showed a much better IVIVC with absorption percentages of rats in vivo. The new
evLAM could make up for the inadequacy of conventional methods and be a better tool for assessing
LBFs of poorly water-soluble drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/4/164/s1,
Figure S1. Pseudo-ternary Phase Diagrams: “Me” represented microemulsion area; (A) the mixing ratio of
Cremophor RH40 and Transcutol P was 3:1; (B) the mixing ratio of Cremophor RH40 and Transcutol P was 1:1; (C)
the mixing ratio of Cremophor RH40 and Transcutol P was 1:3. Figure S2. The microscopic images of the four
formulations. Formulations were showed as labeled and the ruler was in the bottom right corner of the diagram.
Table S1. Self-emulsifying Time, droplet Size, appearance and solubility of indomethacin for the nanoemulsions
(mean, n = 5).
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Abstract: In this study, gellan gum (GG), a natural polysaccharide, was used to fabricate spherical
porous beads suitable as sustained drug delivery systems for oral administration. GG was cross-linked
with calcium ions to prepare polymeric beads. Rheological studies and preliminary experiments of
beads preparation allowed to identify the GG and the CaCl2 concentrations suitable for obtaining
stable and spherical particles. GG beads were formed, through ionotropic gelation technique, with
and without the presence of the synthetic clay laponite. The resultant beads were analyzed for
dimensions (before and after freeze-drying), morphological aspects and ability to swell in different
media miming biological fluids, namely SGF (Simulated Gastric Fluid, HCl 0.1 M) and SIF (Simulated
Intestinal Fluid, phosphate buffer, 0.044 M, pH 7.4). The swelling degree was lower in SGF than in
SIF and further reduced in the presence of laponite. The GG and GG-layered silicate composite beads
were loaded with two model drugs having different molecular weight, namely theophylline and
cyanocobalamin (vitamin B12) and subjected to in-vitro release studies in SGF and SIF. The presence
of laponite in the bead formulation increased the drug entrapment efficiency and slowed-down the
release kinetics of both drugs in the gastric environment. A moving-boundary swelling model with
“diffuse” glassy-rubbery interface was proposed in order to describe the swelling behavior of porous
freeze-dried beads. Consistently with the swelling model adopted, two moving-boundary drug
release models were developed to interpret release data from highly porous beads of different drugs:
drug molecules, e.g., theophylline, that exhibit a typical Fickian behavior of release curves and drugs,
such as vitamin B12, whose release curves are affected by the physical/chemical interaction of the
drug with the polymer/clay complex. Theoretical results support the experimental observations, thus
confirming that laponite may be an effective additive for fabricating sustained drug delivery systems.

Keywords: beads; gellan gum; ionotropic gelation; laponite; modeling study; swelling; gastrointestinal
drug release; polymer/clay composite

1. Introduction

Orally administered dosage forms are the most convenient formulations due to the easiness of
employment, pre-determined and measured doses and overall non-invasive nature of administration,
which increase the patient compliance. The successful oral formulation should deliver the required
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therapeutic dose to the specific site of action during the treatment period. However, the delivery
of a drug by a simple conventional dosage form normally results in the immediate release of the
active pharmaceutic ingredient and their use usually requires a high frequency of administration
and uncontrolled absorption. These considerations have guided researchers to focus their efforts on
improving oral delivery systems with the development of formulations providing more predictable
release rates as well as an increased bioavailability. Sustained release formulations are extensively
investigated in order to reduce the dosing frequency, thus resulting in increased patience compliance.

In the last decades, many biomaterials have been proposed as interesting materials in the design
of modified oral drug delivery systems in order to accomplish therapeutic or convenience purposes
not offered by conventional dosage forms.

Synthetic and natural polymers have been proposed for the development of oral extended-release
dosage forms. However, naturally derived polymers offer many advantages over synthetic polymers
related to their biocompatibility, biodegradability, non-toxicity and reasonable costs.

In particular, hydrophilic polymers, such as polysaccharides, are widely used as natural materials
in sustained oral dosage forms and the interest in the application of these polymers for prolonging drug
release has increased over the last decades [1]. The interest toward these polymers is related to their
swelling and filmogen [2] capabilities as well as their pH-sensitive [3,4] or floating capability [5–8].

Natural gums, such as gellan gum (GG), an anionic, high molecular weight polysaccharide, has
gained significant interest in the pharmaceutical field [9]. It consists of tetra-saccharide repeating units:
α-l-rhamnose, β-d-glucuronic acid and β-d-glucose in the molar ratio 1:1:2.

GG has proven to be a versatile material in the formulation of polymeric hydrogels, including
beads systems, due to its temperature sensitivity and ability to gel under mild conditions. In fact,
it forms stable hydrogel networks in the presence of cationic cross-linkers [10,11], so that ionotropic
gelation method can be employed for the synthesis of polymeric networks using divalent cations as
cross-linking agents [12–14]. The contact of the polymer with cations results in the instantaneous
formation of a gel matrix containing uniformly dispersed material throughout the crosslinked gellan
gum matrix.

Polymeric beads are widely used for oral sustained release; after beads are ingested, the drug
will slowly diffuse out from the polymer matrix, resulting in a prolonged release of the active agent.
Nevertheless, some drawbacks, related to the higher porosity of the matrix or poor mechanical resistance
of the polymeric network, could lead to a rapid and massive release in acidic dissolution medium [15].
Only a few polymers can be used in their pure form for the formulation of oral sustained release beads
and therefore their combination with other biocompatible materials has been investigated in order to
overcome these drawbacks. Clay minerals are one of the fillers that can be used, in combination with
many biopolymers, to improve their drug delivery properties [16–19]. The ultimate goal is to bring
together in the same material the best properties of the natural polymer and clay since each component
plays a key role in improving the properties of the nanocomposite hydrogels.

In this scenario, clay hydrogel beads have been widely investigated in oral drug delivery
applications, showing that mineral clays can be successfully used as functional additives in the
development of bead-modified systems [20].

The most commonly used clay minerals belong to the smectite family. Among the smectite
family, laponite Na0.7[(Si8Mg5.5Li0.3)O20(OH)4]0.7 is a synthetic clay composed of a layered structure
(30–25 nm diameter, 1 nm thickness) that has been used to synthesize a wide range of nano-composite
hydrogels [21–23]. Specifically, laponite (LAPO) nanoparticles can be uniformly dispersed within
the polymeric matrix where they self-arrange and act as both filler and cross-linker during gel
formation [24,25].

This study aims to verify the possibility of using laponite as an additive clay mineral to design
new composite gellan gum beads with highly specific characteristics, such as appropriate swelling
properties and release kinetics.

58



Pharmaceutics 2019, 11, 187

Rheological studies and preliminary experiments of bead preparation allowed selecting the
gellan gum and crosslinker (CaCl2) concentrations suitable for obtaining stable and spherical particles.
Under optimized experimental conditions, laponite was uniformly dispersed in the polymeric solution
allowing the formation of nano-composite GG beads with reduced mesh size. In order to investigate
how the morphology, swelling and the release properties of the nano-composite hydrogels were affected
by the laponite, beads were loaded with two model drugs having different molecular weights and
release studies were performed in simulated gastric fluid (SGF) and in simulated intestinal one (SIF).
Mathematical models for swelling and drug release from these highly porous beads were proposed.
Reliable values of drug diffusion coefficients in different release media were obtained.

2. Materials and Methods

2.1. Chemicals

Theophylline, vitamin B12, methanol, acetic acid, hydrochloric acid and low acyl gellan gum
(GelzanTM) were purchased from Sigma Aldrich Company (Darmstadt, Germany), and calcium
chloride hydrate, potassium dihydrogen phosphate and sodium hydroxide from Carlo Erba Reagents
S.r.l (Milan, Italy). We used bidistilled water from Carlo Erba Reagents S.r.l. for the HPLC analysis.
For sample preparation and all the other analyses, we used demineralized water produced with a
Pharma20 equipment, Culligan Italiana S.p.A (Bologna, Italy). Laponite XLG was a gift of Rockwood
Additives Ltd. (Moosburg, Germany).

2.2. Rheological Measurements

Rheological experiments were performed with a Haake RheoStress 300 Rotational Rheometer
(Dreieich, Germany) equipped with a Haake DC10 thermostat. Oscillatory experiments were performed
at 25.0 ± 0.2 ◦C in the range 0.01–10 Hz on the hydrogels obtained from 1.0, 1.5 and 2.0% w/w GG
solutions. Enough quantity of each sample was carefully poured to completely cover the 6 cm
cone-plate geometry (angle of 1◦). For each sample, the linear viscoelastic range was evaluated: a 1%
maximum deformation was used.

2.3. Beads Preparation

Gellan gum (0.11, 0.165 or 0.22 g) was added to 11 mL of double distilled water and maintained
under stirring for 5 h at 80 ◦C until a homogeneous solution was produced. This solution was cooled
and kept at 40 ◦C. Then, 10 mL of this solution were carefully loaded into a syringe with a 21G needle,
ensuring no air bubbles were present, and added to a solution of calcium chloride (50 mL, 0.3% and
0.6% w/w) drop wise. The beads were left cross-linking for 10 min (curing time), then filtered and
washed four times with 10 mL of deionized water and freeze-dried. The curing time was optimized
to have maximum entrapment efficiency of the model molecules used. In fact, while longer curing
times increase the degree of crosslinking of the polymer, they also promote the effusion of the loaded
molecule out of the beads, thus reducing the final drug loading.

Beads including laponite were produced starting from a solution (11 mL) of GG (1.5% w/w) and
laponite (1.0% w/w) added drop wise to the solution of CaCl2 (0.3% w/w), thus following the same
procedure adopted for beads without laponite.

The diameter of fresh and freeze-dried beads was measured with a caliper along two orthogonal
directions, taking the average of the measurements as the mean diameter of the beads, whereas the
ratio between the two measurements was taken as the aspect ratio of the beads.

2.4. Determination of Swelling Degree

In order to quantify the swelling degree of the beads, 10 freeze-dried beads were weighed and
placed into a tulle net and submerged into 25 mL of simulated gastric fluid (SGF, HCl 0.1 M) or
simulated intestinal fluid (SIF, phosphate buffer 0.044 M, pH 7.4), maintained at 37.0 ± 0.5 ◦C. After
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5 min, the beads were removed, lightly blotted on paper to remove the excess liquid and weighed.
The beads were then submerged back into the medium and the process was repeated at established
time intervals up to 24 h. The experiments were carried out in triplicate with each value representing
the mean ± SD.

The swelling degree S was calculated using the following equation:

S =
weight o f swollen beads − weight o f dry beads

weight o f dry beads
. (1)

2.5. Preparation of Drug Loaded Beads

Gellan gum (0.165 g) was dissolved in 9 mL of distilled water using the method described in
Section 2.3. Theophylline or vitamin B12 (0.0146 g) were solubilized in 2 mL of water and added to
the cooled gellan gum solution, to make a final volume of 11 mL and a concentration of 1.5% w/w
of GG. The solution was stirred at 100 rpm for 10 min to ensure the drug homogeneously dispersed.
The beads were then formed using the method described in Section 2.3. Drug loaded beads including
laponite were prepared from a starting solution (9 mL) of gellan gum (0.165 g) and laponite (0.11 g)
and then following the same procedure adopted for drug loaded beads without laponite.

2.6. Drug Entrapment Efficiency

In order to determine the quantity of drug loaded into the beads, 15 mg of freeze-dried beads were
stirred vigorously in SIF for 1 h, to destroy the beads and extract the drug. The solution was filtered
and analyzed by HPLC. The apparatus consisted of a Perkin Elmer Series 200 LC pump, equipped with
a 235 Diode Array Detector and a Total-Chrom data processor (Perkin Elmer, Waltham, MA, USA).
HPLC analyses were carried out using a Merck Hibar LiChrocart (250–4.5 μm) RP-18 column under
isocratic conditions (0.7 mL/min) using a mobile phase constituted by methanol and acetic acid (0.1 M)
mixture in a proportion of 40:60 (v:v). Theophylline was monitored at λ = 280 nm and vitamin B12 at
λ = 360 nm. Under these conditions, the retention time of theophylline was about 6 min, while that of
vitamin B12 was about 4 min.

The drug entrapment efficiency was calculated using the following equation:

Drug entrapment e f f iciency (%) =
actual drug content o f beads

theoretical drug content o f beads
× 100. (2)

All experiments were carried out in triplicate and each value reported representing the mean, ± SD.

2.7. In Vitro Release Studies

Release studies from drug loaded beads with different formulations were performed separately in
SGF (HCl 0.1 M) and in SIF (phosphate buffer, pH 7.4) and sequentially in SGF and SIF to simulate the
drug release in the entire gastrointestinal tract. A total of 15 mg of drug loaded beads were added
to a known volume Vres of SIF or SGF, warmed to 37 ◦C in a water bath and stirred continuously at
200 rpm. At defined times, from 1 to 240 min, 1 mL of solution was withdrawn and replaced with
1 mL of fresh solution. Different volumes Vres = 50, 75, 100, 150, 175 mL were considered in order to
investigate the influence of the release volume Vres on release curves. See Section 4.5.1 for a discussion
on the role of Vres.

For gastrointestinal in-vitro release experiments, 15 mg of drug-loaded beads were added to
100 mL of SGF, warmed to 37 ◦C in a water bath and stirred continuously at 200 rpm. At defined
times, from 1 to 120 min, 1 mL of solution was withdrawn and replaced with 1 mL of fresh SGF. After
120 min, the beads were drained to remove excess acid and transferred into 50 mL of SIF. Every 15 min,
1 mL of solution was withdrawn and replaced with the same volume of SIF until 240 min and then
again after 24 h. By considering that, after the first 120 min, the beads had released from 60% to 95% of
the initially loaded drug, depending on the bead formulation, we chose to carry out the subsequent
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release in SIF in a smaller release volume (half of that in SGF) to maintain the drug concentration in
the release volume high enough to allow the subsequent HPLC analysis. Drug concentrations were
determined by HPLC analysis as reported in the previous section.

After 24 h, the beads were collected from the media and destroyed to extract and quantify the
drug still embedded into the beads. The release data were reported as drug concentration Cres(tw

i)
[mg/mL] at withdrawal times tw

i [min] and as fraction of drug released up to time tw
i with respect to

the total amount of drug loaded in the beads. The experiments were carried out in triplicate with each
value reported representing the mean ± SD.

2.8. Statistics

Statistical tests were performed to evaluate the effect of laponite on gastrointestinal release rates
of the two model molecules. Statistical analysis was performed with GraphPad Prism™ (Version 4.00)
software (GraphPad Software, Inc., San Diego, CA, USA). The Student’s t-test was applied to determine
the statistical significance between two different experimental conditions. The values of p < 0.05 were
considered significant.

3. Mathematical Modeling of Swelling and Drug release of Highly Porous Beads

3.1. Swelling Modeling

We adopted a radial one-dimensional model of swelling of spherical dry beads. A classical
approach to swelling of glassy polymers requires the solution of a moving boundary model describing
the solvent transport in the swollen gel and the time evolution of two fronts [26–28], the erosion front
(rubbery-solvent interface at r = S(t)) and the swelling front (glassy-rubbery interface at r = R(t)),
as shown in Figure 1.

Figure 1. Schematic representation of moving fronts and solvent concentration profiles in a swelling
process of a dry spherical bead. The two cases of a non-porous and a highly porous particle
(blue dotted line) are shown.

The solvent balance equation, written in terms of the solvent volumetric fraction ϕ(r,t) reads

∂ϕ

∂t
=

1
r2
∂
∂r

(
r2Ds(ϕ)

∂ϕ

∂r
− r2vs

r(ϕ)ϕ

)
=

1
r2
∂
∂r

(
r2Ds(ϕ)(1−ϕ)∂ϕ∂r

)
, R(t) < r < S(t), (3)
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where vr
s(ϕ) is the swelling velocity vr

s(ϕ) = Ds(ϕ)∂ϕ/∂r and Ds(ϕ) is the solvent diffusion coefficient,
that can be assumed constant or a function of the solvent volume fraction ϕ.

Equation (3) must be solved with the boundary conditions,

[ϕ]r=S(t) = ϕeq, [ϕ]r=R(t) = ϕG f or R(t) > 0,
[
∂ϕ

∂r

]
r=0

= 0 f or R(t) = 0, (4)

and initial conditions ϕ(r,0) = ϕ0 for 0 ≤ r ≤ R0, where R0 is the initial radius of the dry particle, ϕeq is
the volume fraction at equilibrium and ϕG is the threshold volume fraction to initiate swelling.

If we assume that the glassy phase for r < R(t) is totally impermeable to the solvent (the solvent
diffusivity is zero in the glassy phase) the two fronts, the glassy-rubbery at r = R(t) and the
rubbery-solvent at r = S(t), evolve according to the Stefan boundary conditions,

(ϕG −ϕ0)
dR
dt

= −Ds(ϕG)(1−ϕG)

[
∂ϕ

∂r

]
r=R(t)

, R(0) = R0, (5)

dS
dt

= Ds
(
ϕeq

)[∂ϕ
∂r

]
r=S(t)

, S(0) = R0. (6)

This model fits well with the case of a spherical initially non-porous particle for which the sharp
glassy-rubbery interface progressively moves towards the center of the particle and spherical glassy
inner core that progressively disappears. However, in the case of a porous particle, like the beads
under investigation, we can imagine that the solvent can penetrate and diffuse inside the glassy core
through the pore network and that the gelling transition occurs simultaneously both on the inside
and on the external surface of the bead. Therefore, it is not possible to identify a net glassy-rubbery
interface, but rather a “diffuse” interface as depicted in Figure 1. This phenomenon for porous-particles
has been modeled by assuming a non-zero solvent diffusivity in the glassy phase, thus introducing a
solvent concentration dependent diffusion coefficient as follows

Ds(ϕ) = Dsg
s f (ϕ), f (ϕ) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
1 f or ϕ ≥ ϕG

exp
{
−β ϕ−ϕG

ϕ0 −ϕG

}
f or ϕ < ϕG

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭, (7)

where Ds
sg is the solvent diffusivity in the swollen gel, assumed constant for ϕ > ϕG, and β is a

parameter controlling the decay of the diffusivity in the glassy core. The larger the porosity, the smaller
β, the greater the ability of the solvent to penetrate in the glassy core.

The solvent transport equation and boundary conditions in highly porous particles read as

∂ϕ

∂t
=

1
r2
∂
∂r

(
r2Ds(ϕ)(1−ϕ)∂ϕ∂r

)
, 0 < r < S(t),ϕ(0 ≤ r ≤ R0, t = 0) = ϕ0, (8)

[ϕ]r=S(t) = ϕeq,
[
∂ϕ

∂r

]
r=0

= 0, (9)

that are the same as Equations (3) and (4) with the basic difference that ϕ(r,t) is now defined in the entire
domain 0 ≤ r ≤ S(t) because the glassy-rubbery sharp interface R(t) has been removed and solvent
diffusion is allowed in the glassy region with diffusion coefficient given by Equation (7). The only
moving boundary is the gel-solvent interface at r = S(t), evolving in time according to Equation (6).

The “diffuse” interface swelling model introduces the only extra parameter β controlled by the bead
porosity. Figure 2A,B shows the spatial behavior of the normalized solvent volume fraction ϕ(r,t)/ϕeq,
for increasing times, as obtained from the numerical solution of the swelling model Equations (6)–(9),
for two different values of β, namely β = 2 (Figure 2A) and β = 8 (Figure 2B).
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Solvent concentration profiles for β = 8 show a very rapid decay of ϕ for ϕ < ϕG, thus exhibiting
a very sharp interface, typical of a non-porous particle. On the contrary, for β = 2 (porous particle)
concentration profiles exhibit a smoother behavior for ϕ < ϕG because of solvent penetration in the
glassy region.

 
A B 

Figure 2. Rescaled solvent volume fraction ϕ(r,t)/ϕeq, vs. dimensionless radius r/R0 for increasing
times during the swelling process. Dashed line indicates the value of ϕG/ϕeq, Black boxes highlight the
thickness of the diffuse glassy-rubbery interface. (A) β= 2, porous particle; (B) β= 8, non-porous particle.

The estimate of model parameters Ds
sg, β and ϕeq can be obtained by comparing model predictions

with experimental data for the temporal evolution and asymptotic value of the swelling degree S(t)

S(t) =
weight o f absorbed solvent

weight o f dry particle
=
ρs

∫ S(t)
0 ϕ 4πr2dr

ρb (4/3) πR3
0

(10)

where ρs and ρb are the solvent and the freeze-dried bead densities, respectively.
The estimate of model parameters is fully addressed in Section 4.3 in connection with the analysis

of swelling data in both release media SGF and SIF.

3.2. Drug Release Modeling of No-Interacting Drugs

If we assume no physical/chemical interaction between the drug and the polymer or the
clay-polymer complex, the transport model for the drug concentration cd(r,t), initially loaded in
the glassy core, reads as

∂cd
∂t

=
1
r2
∂
∂r

(
r2Dd(ϕ)

∂cd
∂r
− r2vs

r(ϕ)cd

)
, 0 < r < S(t), cd(0 ≤ r ≤ R0, t = 0) = c0

d, (11)

[cd]r=S(t) = Cres(t),
[
∂cd
∂r

]
r=0

= 0, (12)

where vr
s(ϕ) is the point wise swelling velocity and Dd(ϕ) =Dd

sg(ϕ)f(ϕ) is the drug diffusivity, modeled
exactly as the solvent diffusivity Ds(ϕ). Indeed, Dd

sg is the drug diffusion coefficient in the swollen gel,
assumed constant for ϕ > ϕG, and f(ϕ) is the same function adopted to describe solvent penetration in
the glassy core, Equation (7). Consistently with the solvent penetration model adopted, drug diffusion
is allowed in the glassy core through the pore network, and the parameter β controlling diffusivity
decay in the glassy core is assumed the same for the solvent and the drug.

The concentration Cres(t), entering the boundary condition at the rubbery-solvent interface,
represents the drug concentration in the reservoir in which the beads are immersed for release,
with volume Vres, assumed perfectly mixed. Cres(t) evolves in time according to the macroscopic
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balance equation accounting for drug release from swelling beads and withdrawals, modeled as an
instantaneous depletion of drug concentration in the reservoir

Vres
dCres

dt
= Nbeads

⎛⎜⎜⎜⎜⎝−Dsg
d

[
∂cd
∂r

]
r=S(t)

4πS2(t)

⎞⎟⎟⎟⎟⎠−
∑Nt

w

i=1
VwCres(t) δ

(
t− ti

w

)
, (13)

where Nbeads is the total number of swelling/releasing beads, Vw is the withdrawal volume, tw
i is the

time of the i-th withdrawal and NW
t is the number of withdrawals from time zero to current time

t. The simplifying assumption of perfect sink condition is therefore replaced by the more accurate
expression Equation (13) for Cres(t) that, in the limit for Vres /Vbeads→∞, permits to recover the perfect
sink condition Cres(t)= 0. Equations (11)–(13) for drug transport must be solved together with Equations
(6)–(9) for solvent diffusion.

Figure 3A,B shows the spatial behavior of the normalized drug concentration (cd−Cres)/(cd
0−Cres)

for increasing times as obtained by choosing β = 2 (porous particle) and β = 8 (non-porous particle) for
both Ds(ϕ) and Dd(ϕ). We observe that, for β = 2 (porous particle), the drug can smoothly diffuse out
of the glassy core through the pore network while, for β = 8 (non-porous particle), drug concentration
profiles exhibit a jump at the sharp glassy-rubber interface.

The estimate of the only model parameter Dd
sg entering the drug release model is obtained

by direct comparison of model predictions for Cres(t) with experimental data for withdrawal drug
concentrations Cw

i = Cres(tw
i) or by direct comparison of model predictions with experimental data of

the integral release curve

Mt

M∞
=

VresCres(t) +
∑Nt

w
i=1 VwCres

(
ti
w

)
VresCres(∞) +

∑Nw
i=1 VwCres

(
ti
w

) , (14)

where Cres(∞) is the asymptotic concentration in the reservoir and NW is the total number of withdrawals
made during the entire release experiment.

 
A B 

Figure 3. Normalized drug concentration (cd−Cres)/(cd
0−Cres) vs. dimensionless radius r/R0 for

increasing times as obtained by adopting β = 2 ((A), highly porous particle) and β = 8 ((B), non-porous
particle) for particle swelling and drug transport. Black boxes highlight the thickness of the diffuse
glassy-rubbery interface.

3.3. Drug Release Modeling of Interacting Drugs

If we assume a physical/chemical interaction between the drug and the clay-polymer complex we
need to introduce a two-phase model, analogous to that adopted by Singh et al. (1994) [29] and by
Paolicelli et al. (2017) [30] modeling drug release from hydrogels via a diffusion transport equation
coupled with a sorption/desorption mechanism. The “two-phases” model adopted in the present
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work introduces a fraction ε of drug molecules initially bounded to the clay-polymer complex by a
physical bound and a “desorption” mechanism, occurring during solvent penetration, modeled as a
linear transfer rate from the adsorbed “bounded” phase to the desorbed “free” (or gel-solvent) phase
where the drug is free to diffuse with diffusion coefficient Dd(ϕ), the same adopted in Section 3.2 for
non-interacting drugs.

Let us then indicate with cb and cd the drug concentrations in the bounded and free (gel-solvent)
phases, respectively. Drug concentration cb(r,t) evolves in space and time according to the transport
equation for the clay-polymer complex during the swelling process

∂cb
∂t

=
1
r2
∂
∂r

(
−r2vs

rcb
)
− kbg(ϕ)cb, 0 < r < S(t), cb(r , t = 0) = εc0

d,
[
∂cb
∂r

]
r=0

= 0, (15)

but including a linear transfer rate from the bounded to the free phase −rb→g = kbg(ϕ) cb, induced
by solvent penetration and modeled, according to the solvent diffusion model Equation (7),
as kbg(ϕ) = kbg

sgf(ϕ) where kbg
sg [1/s] is the transfer rate coefficient in the swollen gel, assumed

constant for ϕ > ϕG. Correspondingly, the transport equation for drug molecules in the free (gel) phase
cd(r,t) reads as

∂cd
∂t

=
1
r2
∂
∂r

(
r2Dd(ϕ)

∂cd
∂r
− r2vs

rcd

)
+ kbg(ϕ)cb, 0 < r < S(t),

cd(r, t = 0) = (1− ε)c0
d,

(16)

to be solved with the same boundary conditions Equation (12) adopted for the no-interaction model
and with Equation (13) for the time evolution of the drug concentration in the reservoir Cres(t).

The inverse of the transfer rate coefficient 1/kbg
sg represents the characteristic time for the

irreversible transfer of a drug molecule from the bounded to the free (gel) phase. This characteristic
time tbg = 1/kbg

sg can be compared to the characteristic drug diffusion time tD = R0
2/Dd

sg by introducing
the Thiele modulus Φ2 = tD/tbg = kbg

sg R0
2/Dd

sg to identify the rate-controlling step.
The estimate of transport parameters, namely Dd

sg, and kbg
sg and is obtained by direct comparison

of model predictions with experimental data for withdrawal drug concentrations Cres(tw
i) and for the

integral release curves Mt/M∞.

3.4. Numerical Issues

PDE equations and boundary conditions describing the one-dimensional swelling dynamics and
drug release were numerically solved using finite elements method (FEM) in Comsol Multiphysics 3.5.
The convection–diffusion package was coupled with ALE (Arbitrary Lagrangian Eulerian) moving
mesh. Free displacement induced by boundary velocity conditions was set. Lagrangian quadratic
elements were chosen. The linear solver adopted was UMFPACK, with relative tolerance 10−4 and
absolute tolerance 10−7. The number of finite elements is 104 with a non-uniform mesh. Smaller
elements were located close to the boundary r = S(t) in order to accurately compute concentration
gradients controlling the velocity of the moving front.

4. Results and Discussion

4.1. Rheological Measurements

The concentration of gellan gum (GG) used for the preparation of the beads was carefully
optimized on the basis of the rheological properties of its solutions. Specifically, GG solutions at
1.0, 1.5 and 2.0% w/w were prepared at 80 ◦C and, after complete solubilization, cooled to 40 ◦C.
The flow curves obtained at this temperature for the three solutions of GG are reported in Figure 4A.
The viscosity of the system increases by increasing the polymer concentration and the dependence of
the viscosity on the shear rate is characteristic of a pseudo-plastic macromolecular system.
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Figure 4. (A) Flow curves of gellan gum (GG) at different concentrations 1%, 1.5% and 2% w/w;
(B) corresponding mechanical spectra.

Mechanical spectra were also recorded in the region of linear viscoelasticity and reported in
Figure 4B. The polymeric solution at 1.0% w/w of GG showed a G’ smaller than G”, behaving as an
entanglement network (data not shown). By increasing the GG concentration, the polymeric solution
evolves towards a weak gel behavior, with G’ bigger than G” and slightly dependent on the frequency.
During the cooling, GG undergoes a series of structural changes in aqueous solution from random
coiled chains to double helices, which then aggregate together thus forming a three-dimensional
network. This behavior is well known as the gelation mechanism of gellan gum alone or in the presence
of cations has been extensively investigated by different techniques, such as rheological, DSC and light
scattering measurements and reviewed in [31].

Preliminary experiments were carried out in order to verify if the three solutions could flow
through a syringe needle. GG solutions were loaded into the syringe at 40 ◦C. This temperature value
was chosen in order to avoid any possible thermal damage when drugs are loaded inside the systems.
GG concentrations greater than 1.5% w/w resulted in a highly viscous solution that caused clogging of
the syringe needle, so that only the solutions at 1.0% and 1.5% w/w GG were used to prepare the beads.

The morphology of the forming beads by ionotropic gelation strongly depends on the amount
of gellan gum in the initial mixture [32–34]. The lower the polymer content, the more deformed and
irregular the beads, due to the matrix-forming function of gellan. Moreover, if the GG concentration is
too low, the beads lost their spherical shape during the drying process, as already observed in [34].
In fact, both polymer and cross-linker concentrations have major effects on morphology as well as
on other properties of the resulting beads, as reviewed in [10], because both concentrations affect the
kinetic of the crosslinking process.

Our preliminary tests showed that the polymer concentration represents the main factor controlling
the morphology of the beads. For GG concentrations lower than 1.5% w/w, the solution was unable to
produce stable spherical beads, most likely because the low viscosity of the solution does not allow
to keep the spherical shape of the drops when in contact with the cross-linking solution. For this
reason, concentrations of GG below 1% w/w were not further investigated and the GG concentration of
1.5% w/w was chosen (see Section 4.2).

The effect of clay on the rheological properties of GG was also investigated. To this end, 1.0% w/w
of laponite was added to the GG solution at 1.5% w/w. Flow curves and mechanical spectra performed
on the polymeric solution containing the clay are shown in Figure 5A,B.

The presence of laponite induces a small decrease of viscosity of the polymeric solution as well as
of the G’ value, most likely because the clay interacts with the gellan chains, thus partially destroying
the double helix structure and causing the formation of a weaker gel. Indeed, the mechanical spectrum
of the GG solution shows a weak gel behavior with the modulus G’ higher than G” in the entire range
of frequencies analyzed. On the contrary, the GG solution with laponite shows an intersection point of
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the G’ and the G” curves at frequency of about 1 Hz, thus behaving as a solution (with G” > G’) for
higher values of the applied frequency.

 

Figure 5. (A) Flow curves of GG solution with and without laponite and (B) mechanical spectra of
the same solutions. Arrow indicates the inversion point G” ≈ G’ at a frequency of about 1 Hz for the
mechanical spectra of the GG solution including laponite.

4.2. Beads Preparation

Based on the rheological properties of its solutions, different GG beads were prepared dropping
GG solution at 1% w/w and 1.5% w/w into CaCl2 solutions at different concentrations in order to
evaluate the effect of the cross-linking agent on the properties of the resulting beads.

The crosslinking process involves calcium ions and carboxylic groups of D-glucuronic acid of GG.
More specifically, every calcium ion can electrostatically interact with two carboxylic groups; therefore,
it interacts with two d-glucuronic acids of two different repetitive units of the polymer.

The crosslinking concentration always exceeded the concentration of the polymer as molar ratios
GG:Ca2+ of 1:5, 1:7.5, 1:10 and 1:15 mol:mol were investigated. Regular and spherical beads were
obtained with GG concentration 1.5% w/w for 1:5 and 1:10 GG:Ca2+ molar ratios, corresponding to
CaCl2 concentrations of 0.3% w/w and 0.6% w/w, respectively. Concentrations of CaCl2 < 0.3% w/w
have not produced stable and spherical beads. GG solution 1.0% w/w gave irregular beads even for
higher GG:Ca2+ molar ratios 1:7 and 1:15. Based on these results, concentrations of GG below 1% w/w
were not further investigated and the GG concentration of 1.5% w/w with CaCl2 concentrations of
0.3% w/w and 0.6% w/w were adopted because these concentrations did not cause clogging of the
syringe needle and produced regular and spherical beads. Further formulations were prepared by
adding laponite to GG solution before beads formation. In this case, the beads were formed using
the GG solution 1.5% w/w with laponite 1% w/w and with the lower concentration 0.3% w/w of CaCl2,
which was chosen by considering that the clay is able to act as cross-linker itself, thus contributing to
the polymeric network formation.

The beads were recovered by filtration and characterized immediately after preparation in their
fresh form and after the freeze-drying process. Specifically, they were observed at the optical microscope
and their diameters measured and reported in Table 1.

Table 1. Diameter values of different bead formulations before and after freeze-drying.

Beads Formulation
Beads Diameter

(mm ± SD)
Freeze-Dried Beads Diameter

(mm ± SD)

GG/Ca 0.3% 2.41 ± 0.06 1.63 ± 0.03
GG/Ca 0.6% 2.44 ± 0.07 1.56 ± 0.09

GG/LAPO/Ca 0.3% 2.79 ± 0.11 2.06 ± 0.08
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Different formulations lead to beads with different dimensions: the cross-linker concentration
does not influence significantly the particle diameter, whereas the presence of laponite leads to an
increase of the particle diameter. For all formulations, the bead population appear homogeneous
and with spherical shape (see Figure 6A) characterized by an aspect ratio of about 1.02. The beads
containing laponite (Figure 6D) have a smoother and regular surface with respect to the other ones
(Figure 6B,C which differ for the CaCl2, concentration), most likely because the clay, acting as filler,
increases the particle surface compactness.

Particle density after freeze-drying ρb is extremely low and comparable for all formulations.
Specifically, ρb = 0.109 ± 0.02 g/cm3 for GG/Ca 0.3% and ρb = 0.0926 ± 0.02 g/cm3 for GG/LAPO/Ca 0.3%.

Figure 6. (A) Pictures of beads of GG/LAPO/Ca 0.3%; pictures of beads at the optical microscope;
(B) GG/Ca 0.3%; (C) GG/Ca 0.6%; (D) GG/LAPO/Ca 0.3%.

4.3. Swelling Experiments

A crucial property of the polymeric beads is the ability to swell in aqueous environments. The
results of swelling experiments are reported in Table 2 in terms of the swelling degree at equilibrium
Seq (after 24 h).

Table 2. Swelling degree at equilibrium Seq (measured after 24 h) and effective solvent diffusion
coefficient Ds

sg of different bead formulations in Simulated Gastric Fluid (SGF; HCl 0.1 M) and
Simulated Intestinal Fluid (SIF; phosphate buffer 0.044 M, pH 7.4).

Beads Formulation Seq in SGF Seq in SIF Ds
sg in SGF [m2/s] Ds

sg in SIF [m2/s]

GG/Ca 0.3% 9.08 ± 0.3 45.80 ± 0.9 (8.8 ± 0.3) × 10−10 (1.5 ± 0.1) × 10−9

GG/Ca 0.6% 8.97 ± 0.2 25.44 ± 0.6 - -
GG/LAPO/Ca 0.3% 9.14 ± 0.3 20.60 ± 0.3 (6.5 ± 0.3) × 10−10 (1.1 ± 0.1) × 10−9

In general, the swelling degree decreases in both swelling media as the amount of cross-linker is
increased. The significant differences observed in swelling degree values in SGF and SIF are related
to the nature of GG. The carboxylic groups of GG exist in a protonated form in HCl. This allows the
network chains to stay closer to each other, resulting in a smaller swelling degree in acid medium.
The beads in SIF exhibit a larger swelling degree as the carboxylic groups are deprotonated, resulting
in a repulsion effect between network chains.

The presence of laponite causes a remarkable decrease of the equilibrium value Seq as already
observed in [17] dealing with beads made of pH sensitive laponite/alginate/CaCl2 hybrid hydrogel.
In agreement with experimental findings reported in [17], the effect of clay is not only to decrease the
equilibrium swelling degree but also to reduce the solvent diffusion coefficient Ds

sg in both media,
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as reported in Table 2. In agreement with swelling degrees at equilibrium, Table 2 also shows that Ds
sg

is larger for SIF than for SGF for particles with and without clay. The values of Ds
sg reported in Table 2

for different beads and different media are obtained from the best-fit of experimental data for the time
evolution of the swelling degree S(t) with the swelling model developed in Section 3.1.

Figure 7 shows the comparison between experimental data for S(t) and the swelling model
predictions where:

(1) the parameter β has been set to the value β = 2 in order to account for the large porosity/small
density of beads;

(2) the solvent volume fraction (SGF or SIF) at equilibrium ϕeq is directly estimated from the
equilibrium swelling degree Seq as

ϕeq =
xeq/ρs(

1− xeq
)
/ρb + xeq/ρs

, xeq = 1− 1/
(
1 + Seq

)
, (17)

where xeq is the solvent weight fraction at equilibrium and ρb is the dry particle density;
(3) ϕG has been set to ϕG = 0.1ϕeq, given the ease of beads re-hydration after freeze-drying.

Figure 7. Comparison between the swelling model predictions (continuous lines) and experimental
data (points) for the temporal evolution of the swelling degree S(t) for two different bead formulations
(GG/Ca 0.3% and GG/LAPO/Ca 0.3%) and two different swelling media (SGF and SIF). The best fit
values for the solvent diffusion coefficient in the swollen gel Ds

sg are reported in Table 2.

Figure 8 shows the time evolution of particle diameter as predicted by the swelling model and the
satisfactory agreement with experimental data for particle diameter at equilibrium. It can be observed
that dry particles, given the high porosity and the small density, are able to absorb a large amount of
solvent, e.g., about 50 times their initial weight for GG/Ca 0.3% formulation in SIF, while the diameter
at equilibrium at the most doubles its initial value. The swelling model, being able to account for
the high particle porosity, furnishes a reliable forecasting estimate of the equilibrium diameter and
of the time-scale for reaching equilibrium conditions, approximately 15–20 min for all the different
formulations in the two media.

It is important to point out that, even if the increase in the particle diameter is not so large, it is
however extremely important to adopt a release model that takes into account the swelling and the
variation of the diameter of the particle over time, as the estimate of the effective drug diffusivity is
based mainly on the analysis of release curves at short time scales and is strongly influenced by the
variation of the diffusional lengths. Adopting a fixed boundary model leads to an error of the drug
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diffusion coefficient at least of a factor (deq/d0)2 where deq and d0 are the equilibrium and initial particle
diameter, respectively.

Figure 8. Comparison between the swelling model predictions (continuous lines) and experimental
data (points) for the temporal evolution of the particle diameter for two different bead formulations
(GG/Ca 0.3% and GG/LAPO/Ca 0.3%) and two different swelling media (SGF and SIF).

4.4. Entrapment Efficiency

Two model drugs of different molecular weights and dimensions were loaded into the beads,
namely theophylline (MW 180, van der Waals radius 3.7 Å, aqueous solubility 8.3 mg/mL; pKa
8.6 [35]) and vitamin B12 (MW 1356, van der Waals radius 21 Å, aqueous solubility 10–33 mg/mL,
pKa = 3.28 [36]) in order to verify the possible use of freeze-dried beads for the oral administration
of drugs.

Table 3 reports the entrapment efficiency of the two drug molecules into two different bead
formulations, GG/Ca 0.3% w/w and GG/LAPO/Ca 0.3% w/w. It is evident that the entrapment efficiency
is influenced by both the bead structure and the steric hindrance of the loaded molecule. Indeed,
theophylline, smaller than vitamin B12, is less retained by both bead formulations, whereas the presence
of laponite increases the entrapment efficiency of both drug molecules. This will reflect in drug-release
data analyzed in the next section. The fact that the presence of laponite increases the drug entrapment
efficiency has been already observed in [17] for methylene blue loaded laponite/alginate beads.

Table 3. Entrapment efficiency of two model drug molecules, theophylline and vitamin B12.

Beads Drug Molecule Entrapment Efficiency (%)

GG/Ca 0.3% Vitamin B12 53.62
GG/LAPO/Ca 0.3% Vitamin B12 61.26

GG/Ca 0.3% Theophylline 20.26
GG/LAPO/Ca 0.3% Theophylline 36.49

4.5. Release Data Analysis

4.5.1. Theophylline Release

We preliminary analyzed release data of theophylline from beads GG/Ca 0.3% w/w without
laponite in both media SGF and SIF. Release data are shown in Figure 9A,B in terms of the withdrawal
concentration Cres (tw

i), from now on referred to as differential release curve, and of the integral release
curve Mt/M∞.
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It can be observed that integral release curves exhibit typical Fickian behavior in both media and
any type of physical/chemical drug/polymer interaction can be excluded. Continuous lines represent
theoretical predictions obtained with the no-drug-polymer interaction model Equations (11)–(13)
developed in Section 3.2, numerically solved together with the swelling model Equations (6)–(9) for
which the parameter values, specifically Ds

sg and β, reported in Section 4.3, were estimated from
independent swelling measurements. The only best-fit parameter entering the drug release model is
the theophylline diffusivity in the swollen gel Dd

sg, whose values are reported in Table 4 for both media.

  

Figure 9. Differential (A) and integral release curves (B) for theophylline (TPH) from beads GG/Ca
0.3% w/w without laponite in SGF and SIF. Continuous lines represent model predictions Equations
(11)–(13). Estimated values of the TPH effective diffusivity Dd

sg are reported in Table 4.

It is important to point out that, for an accurate estimate of Dd
sg, the model best-fit must be

performed on differential experimental data of Cres (tw
i), instead of on the integral release curve Mt/M∞,

Cres (tw
i) data being more sensitive to Dd

sg both in the initial phase of rapid concentration rise and in
the subsequent phase where the effect of withdrawals become significant and not negligible.

The finite volume Vres of the reservoir is explicitly taken into account in model formulation, as well
as the withdrawals, as can be observed from the sawtooth behavior of the differential release model
curve. In fact, smaller values of Vres, which do not guarantee the perfect sink condition, are to be
preferred as they ensure better mixing and greater uniformity of drug concentration in the reservoir.
Imperfect mixing is difficult to model and leads to a withdrawal drug concentration that may depend
on the withdrawal point. On the contrary, the non-negligible drug concentration in the perfectly
mixed reservoir (Cres > 0, no sink condition) can be easily modeled by means of a macroscopic balance
equation (see Equation (13)). The only requirement is that Vres must be greater than a minimum
value that guarantees that the maximum value attained by Cres(t) during the release experiment is
significantly lower than drug solubility in the release medium. This condition is always fulfilled in our
release experiments for both drugs and for all Vres analyzed.

Table 4. Theophylline diffusivity in the swollen gel Dd
sg for two different bead formulations (with and

without laponite) and two different media SGF and SIF.

Beads Dd
sg in SGF [m2/s] Dd

sg in SIF [m2/s]

GG/Ca 0.3% (4.26 ± 0.15) × 10−10 (2.62 ± 0.2) × 10−10

GG/LAPO/Ca 0.3% (2.73 ± 0.3) × 10−11 (1.43 ± 0.1) × 10−10

From integral release data shown in Figure 9B and diffusivity values reported in Table 4 it can
be readily observed that theophylline release from beads without clay, despite the larger degree of
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swelling in SIF than in SGF, is faster in SGF than in SIF. Theophylline effective diffusivity in the bead
swollen in SGF is about half the value in aqueous solution DTPH ≈ 8.2 × 10−10 m2/s, while it reduces to
a quarter of DTPH in the bead swollen in SIF. This can be explained in terms of the screening effect of
the COO– groups of GG by the ions in SGF solution, thus reducing the possible interaction between
theophylline and the charged polymer. A similar phenomenon has been observed by Coviello et al.
(1999) [37] for theophylline in sclerox, a polycarboxylated derivative of scleroglucan.

In [37] the authors reported that theophylline diffusion rate in sclerox, without crosslinker, was
increased in acid medium with respect to that in SIF, while a diffusion rate lower in acid medium than
in SIF was observed in sclerox in the presence of alkane dihalides as crosslinker. We observed the
same inversion phenomenon from release data of theophylline in GG beads with and without laponite,
acting as a crosslinker as supported by swelling data.

Figure 10A,B shows release data for theophylline from beads GG/LAPO/Ca 0.3% in SGF and SIF
and the comparison with model predictions with the corresponding effective diffusion coefficients Dd

sg

reported in Table 4. In the presence of clay, theophylline diffusivity reduces by an order of magnitude
with respect to DTPH in both media, but it is significantly smaller in SGF than in SIF. In this case,
diffusivity values are in agreement with swelling data, Seq being significantly larger in SIF than in SGF
for GG beads including laponite (see Table 2). Therefore, the screening effect of the COO– groups of
GG by the ions in SGF solution, although still present, is balanced and overcome by the reduced mesh
size of the network, this last observation being supported by swelling data in Figure 7 and Table 2.

 

Figure 10. Differential (A) and integral release curves (B) for theophylline (TPH) from beads
GG/LAPO/Ca 0.3% with laponite in SGF and SIF. Continuous lines represent model predictions
from Equations (11)–(13). Estimated values of the TPH diffusivity Dd

sg are reported in Table 4.

This observation is in agreement with experimental findings reported in [17] focusing on drug
release (methylene blue) from beads made of pH sensitive laponite/alginate/CaCl2 hybrid hydrogel.
These authors observed that the presence of laponite induced a significant slowing down of the release
kinetic of hydrophilic drugs especially in acid medium.

Reliability and accuracy of the experimental release curves above presented, as well the predictive
ability of the release model proposed, are confirmed by the analysis of gastrointestinal release data, i.e.,
release data obtained by immersing the beads sequentially first in SGF for 120 min and subsequently
in SIF for 120 min, thus simulating the gastrointestinal release in-vitro.

Figure 11A–D shows the differential (A and C) and the integral (B and D) gastrointestinal
release curves of theophylline from beads GG/Ca 0.3% (A,B) without laponite and GG/LAPO/Ca 0.3%
with laponite (C,D). Continuous lines show the excellent agreement between experimental data and
theoretical curves obtained from the release model used in a fully predictive way, by making use of the
TPH diffusivity values Dd

sg previously estimated and reported in Table 4.
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It can be observed that TPH release from beads without laponite is so fast in SGF that 95% of
the drug is released in acid medium in the first 120 min. On the contrary, the presence of laponite
significantly slows down TPH release in SGF, so that about 70% of drug is released in acid medium,
and the remaining 30% is slowly released in the intestinal tract. We conclude that bead formulation
including laponite represents a release medium capable of supporting the controlled release of a small
non-interacting drug as theophylline.

 

Figure 11. Gastrointestinal differential (A,C) and integral release curves (B,D) for theophylline (TPH)
from beads GG/Ca 0.3% without laponite (A,B) and GG/LAPO/Ca 0.3% with laponite (C,D), p < 0.001.
Continuous lines represent model predictions from Equations (11)–(13) with TPH diffusivity Dd

sg

reported in Table 4.

4.5.2. Vitamin B12 Release

We preliminary analyzed release data of vitamin B12 from beads GG/Ca 0.3% without laponite in
both media SGF and SIF. Differential and integral release data are shown in Figure 12A,B respectively.
Additionally, for vitamin B12, as for theophylline, integral release curves from bead formulation
without laponite exhibit typical Fickian behavior in both media. Continuous lines represent theoretical
predictions obtained with the no-drug-polymer interaction model in Equations (11)–(13) developed in
Section 3.2. B12 diffusivity values Dd

sg in SGF and SIF are reported in Table 5.
It can be observed that B12 diffusivities in both media are: (1) smaller than the corresponding ones

for theophylline, as expected given the larger dimension of vitamin B12 and the bigger steric hindrance;
(2) comparable in SIF and SGF, despite the larger differences between swelling degrees, as the screening
effect in acid medium compensates the reduced mesh size of the network. Moreover, vitamin B12
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diffusivity in SIF is in quantitative agreement with diffusivity value DB12 ≈ 2.1 × 10−10 m2/s reported
in [38] for vitamin B12 in scleroglucan/borax hydrogel swollen in distilled water (pH 5.4).

 

Figure 12. Differential (A) and integral release curves (B) for vitamin B12 from beads GG/Ca 0.3%
without laponite in SGF and SIF. Continuous lines represent model predictions from Equations (11)–(13).
Estimated values of the B12 diffusivity Dd

sg are reported in Table 5.

Table 5. Vitamin B12 diffusivity in the swollen gel Dd
sg and transfer rate coefficient kbg

sg for two
different bead formulations (with and without laponite) and two different media SGF and SIF.

Beads Dd
sg in SGF [m2/s] Dd

sg in SIF [m2/s] kbg
sg in SGF [1/s] kbg

sg in SIF [1/s]

GG/Ca 0.3% (1.53 ± 0.15) × 10−10 (1.85 ± 0.15) × 10−10 - -
GG/LAPO/Ca 0.3% (2.87 ± 0.1) × 10−11 (5.33 ± 0.1) × 10−11 2.35 × 10−4 4.12 × 10−3

Like for theophylline, vitamin B12 release from beads without clay in SGF is fast enough so that
the gastrointestinal release data shown in Figure 13 present an almost complete drug release in the
gastric tract (98% of drug released after 120 min in SGF) and almost no drug is left to be released in the
intestinal tract. Therefore, the bead formulation without laponite is not suitable for controlled release
of a medium/large non-interacting drug molecule.

Figure 13. Gastrointestinal integral release curve for vitamin B12 from beads GG/Ca 0.3% with and
without laponite (p < 0.001). Continuous lines represent model predictions for the Fickian release
model from Equations (11)–(13) and for the two-phase release model from Equations (13)–(16) with
model parameters reported in Table 5.
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A completely different scenario opens up when laponite is included in bead formulation and
vitamin B12 release data are analyzed. Figure 14 shows integral release data of vitamin B12 from beads
GG/LAPO/Ca 0.3% including laponite in SIF and SGF. It can be readily observed that drug release in
SGF exhibits non-Fickian behavior Mt/M∞ ≈ tn with an exponent n = 1.2 much bigger than 1

2 .

Figure 14. Integral release curve for vitamin B12 from beads GG/LAPO/Ca 0.3% with laponite in SGF
and SIF. Dotted curves highlight the Fickian and non-Fickian behaviors in SIF and in SGF, respectively.
Continuous lines represent model predictions from Equations (13)–(16).

This is a clear symptom that an interaction occurs between vitamin B12 and the polymer/clay
complex. This interaction is strongly weakened by the enlarged mesh size of the network induced by
matrix swelling in SIF while it is stronger and sustained by the reduced swelling in SGF.

For this reason, we adopted the two-phase model developed in Section 3.3 describing
drug/clay-polymer interaction in terms of a linear transfer rate from a bounded phase, in which
drug molecules are initially entrapped, to a gel phase in which drug molecules are free to diffuse
and exit the swelling bead. Figure 14 shows good agreement between integral release data and the
two-phase model predictions Equations (13)–(16). Best-fit values of vitamin B12 diffusivity Dd

sg and
transfer rate constant kbg

sg in SIF and SGF are reported in Table 5.
The transfer rate coefficient kbg

sg for vitamin B12 in SGF is one order of magnitude smaller than
that in SIF. The diffusivity Dd

sg is smaller in SGF than in SIF.
By analyzing these findings in terms of the Thiele modulus Φ2 (introduced in Section 3.3), we

observe that Φ2 for vitamin B12 in GG/LAPO/Ca 0.3% attains the following values: Φ2 ≈ 80 in SIF
and Φ2 ≈ 9 in SGF. Therefore, Φ2 in SGF is one order of magnitude smaller than Φ2 in SIF. This
quantitatively explains why drug-polymer/clay complex interaction leads to a strong non-Fickian
behavior in SGF, characterized by a slower release at short time scale because the diffusion time-scale
is comparable to the transfer time scale, while a Fickian behavior is observed for vitamin B12 in SIF
because diffusion is definitely the rate controlling step.

Diffusivity values Dd
sg for vitamin B12 are actually much lower in the beads with laponite in

both media, and this, together with drug interaction with the polymer/clay complex, reflects in the
gastrointestinal release curve shown in Figure 13 together with the corresponding vitamin B12 release
curve from beads without laponite. The continuous blue curve represents the two-phase model
prediction, from Equations (13)–(16), of the gastrointestinal release without any adjustable parameters.

In the presence of laponite, only 60% of the loaded vitamin B12 is released in the gastric tract (first
120 min), and also the remaining 40% is slowly released in the intestinal tract, as the complete release
requires about 280 min in SIF medium. Therefore, the bead formulation including laponite is suitable
for sustained release of a medium/large interacting drug molecule.
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5. Conclusions

Gellan gum, a natural polysaccharide, was employed together with calcium chloride, selected as
cross-linker, in order to prepare beads using the ionotropic gelation method. Laponite, a synthetic clay,
was also included in the formulations. Stable and spherical beads (aspect ratio ≈ 1.02) were obtained
from GG solutions (GG 0.15 % w/w) and GG/laponite solutions (GG 0.15% w/w, laponite 0.1% w/w)
with CaCl2 0.3% w/w. Gellan gum beads including laponite have shown a smoother and regular
surface and a larger diameter, namely d0 ≈ 2.8 mm and d0 ≈ 2.1 mm before and after freeze-drying,
respectively. The ability to swell in different media mimicking biological fluids, namely SGF and SIF,
was investigated. The bead swelling degree at equilibrium was lower in SGF than in SIF and further
reduced in the presence of laponite.

Two model drugs, theophylline and vitamin B12, having different molecular weight and steric
hindrance, were loaded into different bead formulations. The presence of laponite in the bead
formulation increased the drug entrapment efficiency for both model drugs. Sustained release of both
model drugs was obtained from beads including laponite, as a small fraction of the incorporated drugs
was released in the gastric medium. This suggests that laponite may be an effective additive in the
development of GG beads for sustained release of drugs. Better results in terms of sustained release
were obtained for vitamin B12 as it exhibited a significant interaction with the clay/polymer composites
in SGF. In the absence of laponite, both drugs were almost completely released in the first two hours of
residence in SGF.

The swelling model with “diffuse interface” and the corresponding drug release models developed
for polymer/clay beads no-interacting and interacting drugs have proved to be able to correctly describe
all the phenomena experimentally observed and to furnish reliable drug diffusivity values in agreement
with literature data for the same drugs in similar physical hydrogels.
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Abstract: The multiple causes of cardiovascular diseases signify a major incidence and developmental
risk of this pathology. One of the processes accountable for this pathologic development is
the instauration of dysbiosis and its connection with an inflammatory process. Low antioxidant
colonic protection encourages the progression of inflammation, with cardiovascular dysfunctions
being a secondary consequence of the dysbiosis. Curcumin is one of the bioactive compounds
displaying promising results for the reduction of an inflammatory process. The present study aims
at demonstrating the capacity of three extracts drawn from Curcuma (C.) longa through an in vitro
simulation process, for microbiota modulation in patients with hypertension. The acidic pH in the
extraction process determined a high curcumin content in the extracts. The major phenolic compound
identified was curcumin III, 622 ± 6.88 μg/mL for the ethanol/water/acetic acid extract. Low EC50
values were associated (0.2 μg/mL for DPPH scavenging activity) with the presence of curcumin
isomers. A metabolic pattern became evident because the relationship between the short-chain fatty
acids acted as a clinical biomarker. The curcumin present stimulated the formation of butyric and
propionic acids. Microbiota activity control included a high degree of curcumin degradation and
biotransformation in the other phenolic compounds. This developmental process was supported by
the progression in the enterobacteria with a corresponding escalation in the pH level. The metabolomic
pattern demonstrated a performance similar to the administration of dietary fibre, with the positive
effects being dose-dependent.

Keywords: anti-inflammatory; butyric acid; curcumin; modulation; in vivo

1. Introduction

Cardiovascular disease management is long-lasting, and involves several medications because in
most cases it is allied to other pathologies [1]. However, in its treatment, the vegetable supplements
(herbs, mushrooms, spices, etc.) act as a non-toxic alternative [2]. The development of chronic disease
often starts with the occurrence of an inflammatory process that indirectly results in physiological
dysfunctions [3]. Oxidative stress, among all the processes, is the chief culprit that determines the
development of cardiovascular pathologies. In this context, the role of cerebral oxidative stress in the
manifestation of hypertension has been demonstrated [4]. The interest shown towards and reasons
for the selection of Curcuma longa in this study arises from certain health benefits, which result from
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its anti-inflammatory and antioxidant properties [5]. Besides, the curcumin isomers possess many
biological activities, not clearly studied as yet, involving the interactions with human microbiota [6].

Further, the influence exerted by the microbiota on host homeostasis is the critical point of the
brain-gut axis [7]. Thus, the interest in the complex action of the microbiota has escalated, with
particular emphasis on the explicit characterisation of the fingerprint of the microbiota of patients with
cardiovascular diseases. Further correlation of this aspect was done with the metabolomic profile.
Specific biomarker molecules have been identified that are directly involved in the development of
heart disease [8]. Due to the significant progress made in molecular biology, it is now possible to
recognise the preventive risk factors, such as colon microbiota, that play a role in the development of
cardiovascular diseases.

Interaction of microbiota with bioactive compounds (especially phenolics) from medicinal plants
extracts is due to the large quantity that reaches the colon, but only a small part is absorbed in ascending
segments of the human digestive tract [9]. There are few in vivo studies that directly show the effect of
the microbiota pattern on the bioavailability of the polyphenolic fraction. By in vitro/in vivo correlation,
it has been demonstrated that the biological effect is a selective one, characteristic of each subclass of
phenolic compounds. This is the result of a series of biotransformations, which changes the expected
effect [10]. Curcumin is an example in this regard because it is a well-tolerated compound, although
there is little evidence in vivo. Meta-analyses of clinical uses have shown that administration has a
positive effect in patients with irritable bowel syndrome, and microbiota modulation has been based
on correlation with antioxidant and anti-inflammatory activities [11–13].

Thus, the dysbiosis begins with an inflammatory process promoted by the low antioxidant potential
at the microbiota level [14]. Dysbiosis may be caused by any of the following, viz., genetic heritage,
food consumption or the occurrence and progress of cardiovascular diseases [15]. However, the
favorable strains, at the level of Bacteroides sp., govern the strong response during oxidative stress [16].
The study is based on the following findings: (i) Cardiovascular dysfunctions (in those patients with
hypertension and dyslipidemia) are correlated and frequently determined by the microbiota dysbiosis,
(ii) the decrease in the favorable strains may be connected to the development of cardiovascular risk,
(iii) the metabolomic profile is vital to cardiovascular management, and (iv) the microbiota profile
signifies a biomarker that can determine early intervention and thus reduce the risk of mortality [17].
The present study aimed at controlling the in vitro effect of the consumption of C. longa extracts on
the microbiota of a target group, which included hypertensive patients. The research presents a
metabolomic profile of the microbiota fingerprint modification, correlated with the in vitro and in vivo
characterization of the extracts.

2. Materials and Methods

2.1. Chemicals

Ethanol, methanol, acetic acid, glycerol, 2,2-diphenyl-1-picrylhydrazyl, Folin–Ciocalteu reagent,
ascorbic acid, ferrozine disodium salt, ferrous chloride, ethylenediaminetetraacetic acid (EDTA),
glucose, peptone, yeast extract, sodium chloride, hydrogen peroxide, sodium hydroxide, sodium
tetraborate, methylene chloride, ferulic acid, vanillin, sodium dodecyl sulphate, hydrochloric acid,
phosphoric acid, calcium carbonate, agarose, TBE buffer, and cetrimonium bromide were purchased
from Sigma-Aldrich GmbH (Sternheim, Germany). Maltodextrin was purchased from Agnex, Bialystok,
Poland (17% dextrose index). Peptone water and MRS broth media were purchased from Oxoid Ltd.
(Hampshire, U.K.). All reagents were of analytical grade.

2.2. Extraction Process

Dried C. longa powder (Kotanyi Condimente SRL, Bucharest, Romania), was used to obtain
the three extracts. The extraction was performed in Duran bottles (24 h, at room temperature
under stirring) at a concentration of 1% turmeric with the following three solvent mixtures (v/v):
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(a) Ethanol/water = 50/50, (b) ethanol/water/acetic acid = 50/49.5/0.5, and (c) ethanol/acetic acid =
99.5/0.5 [18]. Subsequently, after the extraction process, the mixture was filtered under vacuum
using Whatman filter paper no. 1 [19]. The extract was then mixed with 7% maltodextrin until total
homogenisation was complete and freeze-drying achieved [17]. Moreover, before conducting the
experiments, the dried extracts were dissolved, in 50% (v/v) ethanol, in a series of dilutions ranging
from 0.01 to 0.1%. The freeze-drying process was performed in aseptic condition in order to eliminate
the possible interactions with the in vitro research.

2.3. In Vitro Simulation Process

All the in vitro tests were performed in a single-stage culture system GIS1 simulator (http:
//gissystems.ro/gis-technology/). The in vitro colonic simulation system involved the use of three
Duran borosilicate glass bottles (500 mL capacity) having a removable screw cap [20]. The principle
of the GIS1 system operations has been described in a previous study [21], and was, utilised as a
continuous fermentation process [20].

First, the hypertensive patients’ microbiome was reconstituted after 7.0 days mean interval and
this process followed the protocol described earlier [22]. Volunteers between 40 years and 70 years of
age were drawn from both sexes. Care was taken to ensure that these individuals had not received any
treatment with antibiotics or other interfering drugs over the past 6.0 months, as these agents might
alter the microbiome fingerprint. The samples (feces) were handled in accordance with the UASVM
Bucharest ethical guidelines (ColHumB Registration number: 1418/23.11.2017; www.colhumb.com)
and individually analyzed. Feces samples were collected twice from each volunteer and treated
separately without any pooling (N = 3). Informed consent was obtained from each participant for
the sample, storage after the collection. Samples were collected in 20% glycerol and stored at −15 ◦C
until use [18,19]. Following the removal of large particles, the microbiota was reconstituted in peptone
water [23]. Microbiota obtained (in the same conditions) from healthy persons was used as a control.
The second control was obtained from the same hypertensive patients’ untreated with C. longa extracts
(hpu control).

First, the sampling, at the level of each colonic segment of the simulation process was accomplished,
in the case of each product addition. Further, to examine the effect of the atomised extracts on the
evolution of microbial communities, three identical series of treatments were performed by adding
one dose (capsule) every 6.0 h in the in vitro simulator. Moreover, for the effective delivery of the
products in the colon, enteric-coated capsules were used (size 0; BSC, Wenzhou, China) instead of direct
addition of the extract. The capsules were directly added in the simulated environment under sterile
conditions [17]. When the simulation was completed, each sample was centrifuged, (4000× g, 15 min,
Hettich Universal 320, Hettich GmbH & Co., Kirchlengern, Germany) and the sediment (microbial
fingerprint) was placed in glycerol 20% for qPCR analysis [20]. Control tests were run with ethanol,
and capsules with maltodextrin only in order to establish whether solvent traces or lack extracts affect
microbiota response.

2.4. Antioxidant Activity Quantification

2.4.1. In Vitro Analysis

To determine the antiradical potential, the DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals were
utilised according to the spectrophotometric protocol, for which the readings of the optical density of
the reaction mixtures at 517 nm Helios γ (Thermo Fisher Scientific, Waltham, MA, USA) were also
required. The antiradical potential was expressed in terms of the effective concentration (EC50), which
was the extract concentration (μg/mL) required to inhibit the DPPH activity by 50% after at least 30 min
of incubation [24]. Ascorbic acid was used as positive control.

Subsequently, the reduction power was determined spectrophotometrically at 700 nm wavelength
(Helios γ, Thermo Fisher Scientific, Waltham, MA, USA), with the results being expressed as the value
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of the extract concentration (μg/mL) necessary to obtain an optical density of 0.5, at the specified
wavelength [25]. Ascorbic acid was used as a positive control.

Further, the chelating activity was determined by using ferrozine (5 mmol/L) as the reagent.
The absorbance was spectrophotometrically measured at 562 nm (Helios γ, Thermo Fisher Scientific,
Waltham, MA, USA). The chelating activity was expressed as the effective concentration (EC50), which
represented the concentration of the extract (μg/mL) required to obtain a 50% value [26]. EDTA was
used as a positive control.

The choice of methods to evaluate the antioxidant activity was performed according to the reaction
mechanism and the existing reference data [27–29].

2.4.2. In Vivo Antioxidant Potential

To determine the antioxidant potential in vivo, a modified protocol of dos Santos Andrade et al.,
2011 [30] was employed. Saccharomyces (S.) boulardii, a probiotic yeast obtained from the University of
Lille, Lille, France, was used as the in vivo model. The biomass was obtained using the YPG medium
(2% glucose, 2% peptone, and 1% yeast extract) and further cultivated in the lab shaker incubator at
30 ◦ C, for 48 hh, at 150 rpm. The yeast cells were separated through centrifugation at 4500× g for 5 min
and washed twice with NaCl 0.9% (sterile). Finally, the yeast cells were diluted with the same solution,
whose optical density (OD) was 1.0 at 600 nm [31]. Further, to obtain the critical concentration, which is
defined as the cross between the viability and mortality lines, the following mixture was used: 0.1 mL
sample, 0.1 mL yeast cells in a sterile saline solution, and 0.2 mL H2O2 (different concentrations–0.001%,
0.005%, 0.01%, 0.2%, 0.3%). The mixture was made on a honeycomb plate and incubated at 30 ◦C
for 1 h by using Bioscreen C MBR (Oy Growth Curves Ab Ltd., Helsinki, Finland). The cells were
diluted by serial dilutions, then plated on a solid YPG and finally incubated for 48–72 h at 30 ◦C in an
incubator (Memmert Model 100-800, Memmert GmbH & Co., Schwabach, Germany). The results were
expressed as a percentage of the viability and mortality, through the use of a control sample without
extract as a protection against oxidative stress [32].

2.5. Metabolomic Profile.

2.5.1. Quantification of the Curcuminoids

The experiments were performed with an Agilent capillary electrophoresis (CE) instrument
equipped with a diode array detector (DAD) and CE standard bare fused silica capillary (Agilent
Technologies, Germany) with a 50 μm internal diameter and 72 cm effective length. Prior to use, the
capillary was washed successively with basic solutions: 10 min with 1 N NaOH, 10 min with 0.1 N
NaOH, followed by ultrapure water for 10 min, and running buffer for 20 min. The capillary was
flushed between runs with 0.1 M NaOH for 1 min, H2O for 1 min, and background electrolyte (BGE) for
2 min. Moreover, after three consecutive runs, the BGE was refreshed. Data acquisition and processing
were performed with ChemStation software. Sample injection was performed using the hydrodynamic
mode (35 mbar/12 s), while the capillary was maintained at a constant temperature of 300 C.

The method selected to quantify the curcuminoids is based on Yuan and Weng (2005) with some
variations [33]. The separation of the curcuminoid compounds was obtained using 15 mM tetraborate
buffer, pH = 10.64 (adjusted with 1 M NaOH) as the background electrolyte. The BGE was filtered
through 0.2 μm membranes (Millipore, Bedford, MA, USA) and degassed before use. Using 30 kV
voltage and direct UV-Vis absorption, detection was performed from 200 nm to 450 nm, with the
samples being quantified at 262 nm.

Sample Preparation

First, 2 mL of each initial extract (ethanol/water; ethanol/water/acetic acid; ethanol/acetic acid)
was vortexed with 15 mL of methylene chloride for 5 min and subsequently centrifuged for 10 min at
6000× g at 4 ◦C. The organic layer was separated and evaporated to dryness in a nitrogen atmosphere.
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The residue was dissolved in 250 μL methanol and analyzed by capillary electrophoresis. Similarly,
5 mL of each sample resulting from colon simulation was processed and the residue which was taken
in 100 μL of methanol was subsequently analysed by CE.

2.5.2. Ferulic Acid and Vanillin Quantification by CE

The ferulic acid and vanillin in the samples obtained after colon simulation were analyzed using a
previously published method [34]. The analysis was done with an Agilent CE instrument equipped
with a diode array detector (DAD) and CE standard bare fused silica capillary (Agilent Technologies,
Waldbronn, Germany) having an internal diameter of 50 μm and an effective length of 72 cm. As a
migration electrolyte (BGE), 45 mM tetraborate buffer was used with 0.9 mM sodium dodecyl sulphate
(SDS), adjusted to a pH of 9.35 with 1 M HCl. The method required the use of 30 kV voltage, constant
temperature of 300 ◦C, and direct UV absorption at 280 nm.

Sample preparation: First, 15 mL of each sample was purified through solid phase extraction with
a C18 cartridge (Bond Elut Plexa, Agilent, Waldbronn, Germany). The cartridge was preconditioned
with methanol (10 mL) and washed with water (5 mL), after which the sample was applied. After the
sample passed through, the cartridge was washed with 5 mL water and finally with 5 mL methanol
(solvent for the extraction of the polyphenols). The methanolic effluent thus collected was concentrated
to 1 mL, filtered through 0.2 μm membranes (Millipore, Bedford, MA, USA) and degassed before
injection. Standard addition was further employed, to evaluate the extraction efficiency.

2.5.3. Organic Acids Analysis by CE

The organic acid analysis was done based on the earlier published method [35]. A standard
bare fused silica capillary (Agilent Technologies, Waldbronn, Germany) with an internal diameter of
50 μm and an effective length of 72 cm was used. The migration electrolyte (BGE) was 0.5 M H3PO4,
0.5 mM of CTAB (pH adjusted with NaOH at 6.24), and 15% vol. of methanol as an organic modifier.
In this method 25 kV voltage was applied at a constant temperature of 25 ◦C, and direct UV absorption
at 200 nm. The samples obtained after colon simulation were filtered through 0.2 μm membranes
(Millipore, Bedford, MA, USA) and degassed prior to injection.

2.6. The qPCR Profile of the Microbiota

After the samples passed through the GIS1 colon simulator, quantification of the microbial
community was done. Further, the principal bacterial groups from the human gut were analyzed
using the quantitative polymerase chain reaction (qPCR) technique. Specific primers for phylum
Firmicutes, the Bacteroides-Prevotella-Porphyromonas group, Enterobacteriaceae family, Lactobacillus-
Lactococcus-Pediococcus group, and genus Bifidobacterium have been already revealed in earlier
studies. A bacterial universal primer pair was used to determine the bacterial load from each sample [21].

The DNA was extracted from 1 mL of the sample using the PureLink™ Microbiome DNA
Purification Kit (Invitrogen, Waltham, MA, USA), while the DNA concentration and purity were
measured with the NanoVue Plus spectrophotometer (GE, Boston, MA, USA).

The qPCR analysis was conducted on a 7900 real-time PCR equipment (Applied Biosystems, Foster
City, CA, USA) using the Power SYBR Green PCR Master Mix (Applied Biosystems, Waltham, MA,
USA) and 40 ng of the DNA template was introduced in each reaction. Based on the results obtained
after the amplification reaction optimisation, the primer concentration was between 0.2–0.5 μM [20].

The reference strains: Escherichia (E.) coli ATCC 10536, Lactobacillus (L.) plantarum ATCC 8014,
Bifidobacterium (B.) breve ATCC 15700, B. fragilis DSM 2151, and Enterococcus (E.) faecalis ATCC 51299
were used for the standard curve. All the samples were run in triplicate [21].

2.7. Phylogenetic Diversity of the LAB Strains

Dilutions from each sample were cultured on the MRS + CaCO3 plates for 48 h at 37 ◦C. Five
colonies were randomly selected from the plate and cultivated in 1 mL MRS broth for 24 h at 37 ◦C.
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The cultures were centrifuged for 5 min at 10,000× g, followed by a one-time wash with sterile distilled
water (SDW) with subsequent resuspension in 400 μL SDW, and frozen for 1 h at −70 ◦C. The PCR
Master Mix (Promega, Madison, WI, USA), 0.2 μM of the primers (5’-CTG CTG CGT CTG CTG-3’),
and 1 μL of the lysate culture were introduced in a 25 μL PCR reaction. The PCR amplifications
were done in Mastercycler Nexus (Eppendorf, Hamburg, Germany). The amplification programme
involved initial DNA denaturation for 7 min at 95 ◦C, 30 cycles of DNA denaturation for 1 min at 94 ◦C,
annealing for 1 min at 53 ◦C, an extension for 8 min at 65 ◦C, and a final incubation for 16 min at 65 ◦C.

The PCR products were separated in 1.7% agarose gel electrophoresis with 1X TBE buffer.
Migration was performed at 65 V for 2 h.

The genetic profiles were analyzed with PyElph 1.4 using the WPGMA clustering method.
L. plantarum ATCC 8014, E. faecalis ATCC 51299, Lc. lactis subsp. lactis DSM 20729, and L. acidophilus
ATCC 314 were used as the reference strains [21].

2.8. Statistical Analysis

Evaluations of all the parameters investigated were performed in triplicate, with the results
expressed as the mean ± standard deviation (SD) values of three observations. The mean and SD
values were calculated using the IBM SPSS Statistics 23 software package (IBM Corporation, Armonk,
NY, USA). To do the calculations, the significance level was set at: Significant = p ≤ 0.05; very
significant = p ≤ 0.01; and highly significant = p ≤ 0.001 using the normal distribution of the variables.
The differences were analyzed by ANOVA followed by a Tukey post hoc analysis. The IBM SPSS
Statistics software package (IBM Corporation, Armonk, NY, USA) was used to analyze and correlate
the experimental data [18].

2.9. Sample Availability

Samples of the three extracts are available from the corresponding author (in certain conditions).

3. Results

3.1. The In Vitro and In Vivo Antioxidant Activity

Figure 1 depicts the in vitro antioxidant activity of all the three extracts. These determinations
revealed that the capacity of the extracts to respond via biological activities is directly dependent upon
the presence of the principal compound. The results also demonstrated the lowest EC50 value for the
ethanol/water/acetic acid extract. Further, from the Figure it is evident that the antiradical activity
was the lowest with an EC50 of a maximum of 1 μg/mL when ethanol/water was used as the solvent.
By contrast, this value was around 50% higher than when an acidic extracting medium was used
(Figure 1).

The EC50 values of chelating capacity were lower by more than 50% compared to the control,
behavior recorded for all three extracts. Ethanol/water/acetic acid extract had an EC50 value of
0.20 μg/mL, p < 0.01. The results demonstrated that the lack of water did not determine the presence of
compounds that can increase chelating capacity in vitro. For the reduction power, the values were
relatively equal, with a minimum of 0.4 μg/mL (p < 0.05) for the ethanol/water/acetic acid extract. This
value, 20% lower than the rest of the extracts, was obtained in the absence of water as a solvent.

Figure 2 represents the in vivo activity. The critical point (red arrow in Figure 2) was marked as
indicated by the use of the graphics model. The acid extraction, however, determined a similar level of
peroxide concentration at which the strain tested was able to survive. In fact, it was observed to be
approximately 30% lower than the first solvent and is explicably based on the concentration of the
extracted components. Thus, the acetic acid determined the presence of compounds which solubilize
only in this medium and which have raised the degree of resistance to oxidative stress.
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Figure 1. The figure represents the effective concentration (EC50) values for in vitro antioxidant activity
as a measure of the impact of curcuma extract after the simulations in the GIS1 system. Different letters
mean significant statistical differences ((* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001), n = 3).

Figure 2. The cell viability as a parameter of the in vivo antioxidant activity in the presence of
C. longa extracts.

3.2. Determination of the Quantities of Curcumin, Ferulic acid, and Vanillin

Predominantly, curcumin III was found to be the major constituent in the acetic acid-based
extractions. For the three-solvent extract, the level was 622.5 μg/mL, around 35% more than the
presence of only ethanol and acid. Although curcumin is water insoluble, the presence of water
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determined the solubilisation of the other compounds, which indirectly assisted in the release of the
curcumin isomers from the substrate. Besides, the extracts also contained other compounds, although
they were in quantities that did not directly affect the in vitro study (Figure 3). According to the earlier
data, the hydroalcoholic extract determined the presence of the significant oleoresins, which explained
the EC50 values [36].

Figure 3. The total amount of curcumins in the three extracts. Within each group of samples, different
letters mean significant statistical differences ((a = p ≤ 0.05; b = p ≤ 0.01; c = p ≤ 0.001), n = 3).

Curcumin degradation products (ferulic acid or/and vanillin) [37] were not identified in any of the
samples, which in turn led to the assumption that curcumin and its derivatives had been metabolised
by the microbiota.

3.3. Microbiota Fingerprint Response

Some food ingredients directly impact human health by their capacity to modify the gut
composition. In the present study, we analysed the impact of the curcuma extract on the main
microorganism groups from the human gut. According to the spectrophotometric analysis, all the
DNA extracts had a concentration of over 150 ng/μL and were uncontaminated by proteins or RNA,
thus being suitable for qPCR (data not shown).

As shown in Figure 4, the curcumin extract strongly influences the Enterobacteriaceae group
although it affects the Bacteroides-Prevotella-Porphyromonas group to a lesser degree, where the
number of the cells remains constant in all the samples. In the ethanol/water extract, the number of
Enterobacteriaceace is 10 times lower than it is in the remaining samples.

86



Pharmaceutics 2019, 11, 191

Figure 4. Log of number of copies obtained after in vitro tests through GIS1 as a measure of the impact
of curcuma extracts on the number of the main groups of microorganisms from human gut. Different
letters mean significant statistical differences ((control microbiota vs. treated samples/hpu; a = p ≤ 0.05;
b = p ≤ 0.01; c = p ≤ 0.001), n = 3).

At gram-positive bacteria for phylum Firmicutes, which is also the dominant group from
the microbiota, the number of cells is higher than control (107 genomes/mL), but it is constant
among the samples, instead the dynamics within this phylum is different. Therefore, the number of
microorganisms in the Lactobacillus-Lactococcus-Pediococcus group is approximately 10 times higher
in the ethanol/water extract and ethanol/water/acetic acid extract samples than in the ethanol/acetic
acid extract. The number of bifidobacteria is also higher in the first two samples analyzed in the
ethanol/water extract and ethanol/water/acetic acid extract.

3.3.1. Phylogenetic Diversity of the LAB Strains

LAB (lactic acid bacteria) strains represent an important microbe group from the human gut,
which, several times, has been found in association with host health. As this group includes both
beneficial and pathogenic strains, we have analyzed the phylogenetic relations of the strains from each
sample by rep-PCR (Figure 5).

Different colonies from the MRS plates were selected and analyzed based on their phylogenetic
profile using the PyElph 1.4 program. The phylogenetic analysis revealed the presence of one
dominant clone in the ethanol/water extract and ethanol/water/acetic acid extract, which is closer to
the phylogenetic on L. acidophilus ATCC 314. In the ethanol/acetic acid extract, two different clones
were identified, which are part of the same cluster, with one being identified in the other two samples.
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Figure 5. The rep-PCR profile of lactic acid bacteria (LAB) strains obtained after in vitro tests through
GIS1 system as a measure of the impact of curcuma extracts. 1–14 new LAB strains, 15- L. acidophilus
ATCC 314; 16- L. plantarum ATCC 8014, 17- Lc. lactis subsp. lactis DSM 20729, and 18- E. faecalis
ATCC 51299 (from left to right).

3.3.2. Metabolomics: Response of the Microbiota

After the curcuma extracts were administered, the metabolic activity revealed variations between
the samples according to the concentrations of the organic acid content belonging to the same microbiota.
The variations could be explained by the difference between the microbiota fingerprints and by the
curcumin level. Further, the relation between the propionic and butyric acid represented a microbiota
modulation biomarker (see Table 1). Curcuma extracts, by the presence of curcumin (see Figure 3),
stimulated the formation of butyric and propionic acid in the ethanol/water/acetic acid extract and
ethanol/acetic acid extract. This behaviour was similar to the administration of dietary fibre.

Table 1. Organic acids levels (μg/mL) obtained after in vitro tests through the GIS1 system as a
measure of the impact of curcuma extracts (administered as capsules) associated with the microbiota
metabolic response.

Organic Acids
(μg/mL)

Control
Microbiota

Hpu
Control

Treated Microbiota from Patients with Hypertension

Ethanol/Water
Extract

Ethanol/Water/Acetic
Acid Extract

Ethanol/Acetic
Acid Extract

Formic acid 34.21 ± 5.35 nd 284.8 ± 21.07 a 362.12 ± 15.00 a 301.01 ± 9.00 b

Oxalic acid nd nd 7.68 ± 0.43 b 5.75 ± 0.40 a 9.38 ± 0.51 a

Succinic acid nd nd 62.04 ± 2.21 b 39.54 ± 7.05 c 31.4 ± 0.45 c

Malic acid nd nd nd nd 20.48 ± 3.19

Tartaric acid nd nd nd nd nd

Acetic acid 435.13 ± 6.23 340.50 ± 4.70 c 505.16 ± 48.54 a 918.97 ± 22.98 a 1147.59 ± 73.88 a

Citric acid nd nd nd nd nd

Propionic acid 145.46 ± 3.45 180.50 ± 0.01 b nd 33.53 ± 3.77 b 62.53 ± 3.69 c

Lactic acid 330 ± 5.10 390.00 ± 5.60 c 534.89 ± 32.60 c 415.49 ± 11.32 a 449.17 ± 12.53 d

Butyric acid 146.65 ± 4.37 37.80 ± 0.76 c 117.33 ± 4.68 b 322.76 ± 11.59 a 247.11 ± 29.84 a

Benzoic acid 1.71 ± 0.10 nd 5.72 ± 0.56 c 6.44 ± 0.30 b 11.48 ± 1.06 a

Phenyllacticacid 17.6 ± 0.36 0.55 ± 0.01 c 3.48 ± 0.34 c 4.27 ± 0.08 c 2.84 ± 0.14 c

OH Phenyllactic
acid

44.58 ± 0.76 40.00 ± 1.80 2.28 ± 0.10 b 10.88 ± 0.54 c 2.25 ± 0.22 b

a = p ≤ 0.05; b = p ≤ 0.01; c = p ≤ 0.001, for control microbiota vs. treated samples/hpu, n = 3; nd—not detected.
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Also, lack of propionic acid was registered when ethanol/water extract was administered. This
diminished pattern of short-chain fatty acids (SCFAs) was also characterized by the smallest amounts of
butyric and acetic acids, compared with control microbiota. The high level of lactic acid was correlated
with the metabolic activity that increased in the presence of curcuma extracts. In addition, in vitro
SCFAs production by the two inocula (Table 1) demonstrated a low microbiota metabolic response
compared to treated microbiota.

4. Discussion

The study tested the hypothesis that hypertensive patients have dysbiosis at the microbiota level,
based on the progression of an inflammatory process associated with oxidative stress activity. Results
have proved that the C. longa extracts were associated with a reduction in the oxidative stress effects,
modification of the microbiota pattern, and improvement in the level of biomarkers (like butyric acid
formation). Further, the in vitro antioxidant effects were not directly correlated with in vivo activity,
although the data were relevant for the observation that low EC50 values were linked to the presence
of the curcumin isomers.

On comparing the response of the S. boulardii cells, the role of specific compounds (especially
curcumin) in combating oxidative stress became clear. The critical point indicated the potential of the
ethanol/water/acetic acid extract to support the physiological mechanisms of the inhibition of the free
radicals [32]. Such analysis may be an easy method of evaluating the effectiveness of a nutraceutical in
modulating the response of the human microbiota and intervening in the improvement of inflammatory
processes. The coevolution of the microbial pattern with the host’s health was supported by the data
displayed in Figure 6. The phylogenetic relationships after the administration of the extract were an
indicator of the role of the bioactive compounds in the expression of the metabolomic biomarkers
(see Table 1). Stimulating bacterial diversity was a factor that promoted the reaction to the inflammatory
process. Thus, it can be deduced that the action of oxidative stress induced differences in the microbial
pattern [20] through a direct link to the presence of the major bioactive compounds (see Figure 3). Thus,
such an extraction pattern expressed a distinct in vitro/in vivo behaviour based on the difference in
solvent and the bioavailability of the principal bioactive compound (curcumin). The in vivo response,
compared to the in vitro, revealed a pattern that is in direct correlation with the pH of the solvent used.

 

Figure 6. Dendrogram of LAB strains using WPGMA clustering method obtained after in vitro tests
through GIS1 system as a measure of the impact of curcuma extracts. EC1 = ethanol/water extract;
Ec2 = ethanol/water/acetic acid extract; Ec3 = ethanol/acetic acid extract.

The in vivo response of the S. boulardii eukaryotic cell represents the preclinical assessment of
the enzymatic mechanisms of hydrogen peroxide reduction as an indicator of the development of
degenerative pathologies [38]. The reduction in the accumulation of the oxidised proteins as an effect of
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the stress caused by hydrogen peroxide decomposition confirms the protection given by the curcumin
against the development of degenerative pathologies [39]. These data were synchronised with a low
EC50 value for the inhibition of lipid peroxidation (see Figure 1). They also revealed a decrease in
oxidative damage, confirmed by the value of the critical point in vivo (see Figure 2), particularly for
the use of ethanol/water/acetic acid as the solvent.

However, post in vitro simulation, the curcumins identified were absent. This finding could
be explained in several ways because trace amounts were found in the other two compounds
in which it became transformed. The first cause concerns biotransformation determined by the
fermentative activity of the microbiota [11]. It has been noted as well that the low alkaline pH
is indicative of high solubilisation and a high bioconversion rate in the other compounds [11] or
utilisation as a carbon source [40]. In this context, the earlier research revealed that the curcumin
could act as a carbon source for Enterobacteriaceae. In parallel, besides the extracts, a sample
containing ethanol alone was run; it was evident that it had exerted no effect on the microbiota pattern.
The same effect was observed after the blank sample (capsule +maltodextrin without curcuma extract;
Figure 4). This behaviour can thus be interpreted as a response to the curcumin metabolism, which
translates into the action of the compounds produced through its degradation. Thus, the pH value,
in response to the curcumin action, can be used as a biomarker, which is recognised as a parameter
by both the present investigation and prior studies [41]. These results confirmed a previous study
(https://aor.ca/blog/curcumin-under-fire-the-root-of-the-problem), which proves the instability of this
compound. Based on the highly degrading behaviour it was possible to explain the contradictions
observed in this study. Besides, the results could partially explain the pharmacological target of
curcumin based on the interaction with the microbiota fingerprint through the metabolomic pattern [6].

Thus, the administration of the extracts was similar to a polypharmacological effect. The in vitro
administration was mediated by the degradation products of curcumin, demonstrating a multifactorial
action [42]. The fermentative action of the microbiota showed that its low stability induced a
multiple, microbiological, and metabolomic response, which was in accordance with the previous
studies [43]. Reduced quantities of vanillin and ferulic acid have not been identified as significant
degradation compounds. They could also represent biomarkers of the pharmacological action of the
C. longa extracts [44]. The results of this study highlighted the bioavailability of the curcumin [43].
Pharmacological action was performed by the metabolomic indicators and not directly through
increased bioavailability. Thus, this study confirms the impact of the modulating action of the
curcumin on the perturbed microbiota. The metabolomic pattern and increase in the microbial diversity
(LAB strains) were a pharmacodynamic response of the C. longa extracts, which was a good indicator
of the physiological and biochemical effects.

The aim of the article was achieved as it demonstrated a correlation between the metabolic
products and microbial pattern modulation in the simulated colon (see Table 1). The increase in the
quantity of curcumin III from one extract to another was not correlated with the acidity of the solvent
(ethanol/acetic acid) [45,46], but can be explained by the reduced acetate/propionate ratio. Moreover, it
was found to be around 20%, which corresponds to a progressive decrease in the serum cholesterol [26].
The reduction in cardiovascular risk is a confirmation of the high rate of biotransformation of the
phenolic component and favourable microbial proliferation. Thus, the modulation of the microbial
pattern can correct the progression of the inflammatory processes of the host, thus reducing the
sensitivity to oxidative stress. The reduction in the oxidative stress disorder naturally improves the
cardiovascular risk, in particular, maintaining hypertension within optimal limits [30].

The modulation of the metabolomic pattern, by improving the ratio of the SCFAs, showed that
the ethanol/water/acetic acid extract has potential therapeutic use against cardiovascular progression.
By raising the quantity of curcumin, prebiotic activities were induced, by a modulation of the intestinal
microbiota and specific metabolic pathways, contributing towards host health improvement. This
effect is similar to that of green tea polyphenols [31]. Clinical data also showed that an increase in
the butyrate level, caused by the use of functional products, exerted a positive effect. The presence of
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curcumin in the in vitro environment (see Figure 3) was correlated to the rise in the butyrate content,
particularly in the acid extractions (see Table 1). The level of butyrate plays an important role in
responding to different inflammatory processes. Changing the SCFAs profile by stimulating the
synthesis of butyrate correlated with curcumin administration [47]. This aspect represented a novelty
of the study, demonstrating the altered microbiota response to the presence of curcumin. Even if
the direct influence on the microbial pattern was balanced among the three extracts, the quantity of
curcumin and the quantitative distribution between the isomers influenced the outcomes of the study.
Thus, the differences between the isomers have also been translated by a modulation of the metabolic
response of the microbiota. This is a significant factor in preclinical studies because the presence of
various forms of the biomarkers plays a crucial role in reconstituting the pattern of the microbiota in
hypertensive patients [33].

Also, an increase in the number of organic acids in the simulated environment was a health status
indicator in accordance with a previous study [37]. This behaviour was correlated with the curcumin
level and represented an indicator of an anti-inflammatory response [48].

5. Conclusions

Our study proved that the inhibitory concentrations towards more strains were reached by the
administration of curcuma extracts. The in vitro experiments proved that the poor bioavailability does
not mean that the curcumin was not metabolized by the gut bacteria. The effects of the C. longa extracts
were correlated with the antioxidant potential and fingerprint microbiota modulation. The results
showed a decrease in the microbiota dysbiosis for the ethanol/water/acetic acid extraction. The large
curcumin quantity was correlated to a decrease in the unfavorable strain. The property of the curcuma
extracts in reducing the oxidative stress is dependent upon their ability to enhance the antioxidant
potential at the colon level. Valorisation of the favorable strains will result in a lowered inflammatory
process, which is dose-dependent.
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Abstract: Drug absorption across viable porcine intestines was investigated using an Ussing
chamber system. The apparent permeability coefficients, Papp,pig, were compared to the
permeability coefficients determined in humans in vivo, Peff,human. Eleven drugs from the different
Biopharmaceutical Classification System (BCS) categories absorbed by passive diffusion with
published Peff,human values were used to test the system. The initial experiments measured Papp,pig for
each drug after application in a Krebs–Bicarbonate Ringer (KBR) buffer and in biorelevant media
FaSSIF V2 and FeSSIF V2, mimicking fasted and fed states. Strong sigmoidal correlations were
observed between Peff,human and Papp,pig. Differences in the segmental Papp,pig of antipyrine, cimetidine
and metoprolol confirmed the discrimination between drug uptake in the duodenum, jejunum and
ileum (and colon); the results were in good agreement with human data in vivo. The presence of
the P-gp inhibitor verapamil significantly increased Papp,pig across the ileum of the P-gp substrates
cimetidine and ranitidine (p < 0.05). Clotrimazole, a potent CYP3A4 inhibitor, significantly increased
Papp,pig of the CYP3A4 substrates midazolam, verapamil and tamoxifen and significantly decreased
the formation of their main metabolites. In conclusion, the results showed that this is a robust
technique to predict passive drug permeability under fasted and fed states, to identify regional
differences in drug permeability and to demonstrate the activity of P-gp and CYP3A4.

Keywords: intestinal permeability; regional drug absorption; Ussing chamber; biorelevant media;
P-gp; CYP3A4

1. Introduction

Methods to predict intestinal drug absorption in humans in vivo range from purely in silico
computational techniques to preclinical animal studies in vivo. In vitro tests range from relatively
simple solubilization or permeation studies to more advanced systems, mimicking several steps or
even the complete passage through the gastrointestinal tract [1–7]. High-throughput methods (e.g.,
PAMPA or Caco-2 cell lines) are frequently used in early, preclinical stages. The monolayer cell
culture system is limited by the absence of a full physiological membrane and the specific properties
of the individual cell types present in the different segments of the intestine. These models are
usually used to evaluate the permeability of the API alone since they are not sufficiently robust to
support either biorelevant media or “real” formulations. Indeed, to better approach the physiological
conditions, mucus-producing HT29-MTX cells and M cells inducing Raji B cells were introduced into
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the Caco-2 monolayer [8–13]. Although in vivo studies cannot necessarily provide insight into regional
differences in drug absorption, this has been attempted to be addressed in rats by the single-pass
intestinal perfusion technique or, with appropriate adjustments, the closed-loop Doluisio method [14].

In order to have comprehensive permeability data for the selection of lead drug candidates and
to predict the absorption in humans in vivo, it is crucial to have a physiologically and anatomically
similar model that can address the following points: (i) the identification of absorption sites (crucial
for modified-release formulations and poorly soluble compounds), (ii) a full physiological membrane
evaluation (including mucus layer), (iii) the influence of excipients on drug permeability, (iv) drug
metabolism in epithelial cells, (v) the effect of active transporters and efflux systems, and (vi)
the drug/drug interactions: These will determine the relevance of the model for humans, i.e., its
predictive power.

One approach is to use an Ussing chamber system, which enables transport experiments to be
performed using viable intestinal tissue ex vivo [15–21]; tissue integrity is monitored by the continuous
measurement of transepithelial resistance. Human intestine is obviously the most suitable tissue for ex
vivo evaluations, and there have been some studies over the last twenty years [22–27]. Much work was
done by the Drug Metabolism and Pharmacokinetics group at AstraZeneca R&D, which published
a landmark paper in 2013 that compiled 15 years of data on drug absorption focusing mainly on
transport across the human jejunum and colon and the effect of pre-systemic metabolism and efflux
transporters [28]. However, the availability of viable human intestine is extremely limited-samples
are usually obtained from patients suffering from malignancies [23,26,28,29]. To circumvent this,
rat intestines have been the traditional animal model of choice for ex vivo/in vivo permeation
studies [24,30–32]. However, it has a number of limitations, including differences in intestinal
morphology and other distinct physiological differences that can make extrapolation to humans
difficult [33]. Although the major drug transporters in humans and rats are in good correlation,
the enzyme expression between human and rat intestines is different: For example, rat intestine
displays pre-systemic cytochrome P450 activity, but this does not correlate to the activity in the human
intestine [34]. In addition to the scientific issues concerning relevance, ethical concerns can also be
cited with the use of rats as they have to be sacrificed for such evaluations.

Like humans, pigs are large omnivorous mammals, and porcine intestine shows greater
similarities to human intestine than the intestinal tissue from other animals [33–36]. For nutritional
studies, the porcine model is known to be superior to other non-primate animal models: Despite some
anatomic differences, the physiology of digestion and the associated metabolic processes are much
alike between humans and pigs [37]. The gross anatomical features of the GI tract of pigs and humans
are similar, although the divisions between the duodenum, jejunum and ileum are not as distinct in
porcine small intestine [35]. Microscopically, the intestinal villus structure and component epithelial
cell types are very alike, and the pH variations of the different regions of the gastrointestinal tract in
pigs and human are, again, similar [33].

At a molecular level, the metabolic activities for Phase 1 and Phase 2 enzymes in humans and
pigs are closely related [34]. Porcine intestine appears to possess a high cytochrome P450 CYP3A
activity, and there is more homology between human and porcine CYP3A enzymes than with those
in the rat [38,39]. In both humans and pigs, P-gp is coded by a single gene (ABCB1 (ATP-binding
cassette B1) or MDR1 (multidrug resistance 1)) (cf. two P-gp homologues in rats). The alignment of
the porcine and human P-gp sequences resulted in a homology of 90.8%, with a high homology in
the predicted transmembrane domains known to be important for substrate binding [40]. Moreover,
P-gp expression was shown to increase from the proximal to distal regions in the small intestine of
Yucatan micropigs—as is the case in humans [41,42]. Multidrug-resistance-associated protein (MRP2),
breast cancer-resistant protein (BCRP), peptide transporter-1 (PepT1) and organic anion-transporting
polypeptide (OATP) are present in porcine intestine [34].

The objective of the present study was to demonstrate that the Ussing chamber system with
porcine intestine could be a useful surrogate to predict intestinal absorption in humans. Reports
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describing the use of porcine intestine to model drug absorption using the Ussing chamber or related
systems and with diffusion cells are scarce [43–55], e.g., indeed, Ussing chamber investigations have
only been performed on the uptake of polyphenols present in apples [43] and in coffee [44]. To our
knowledge, the only detailed investigation to date into the feasibility of using porcine intestine to
predict human intestinal absorption employed a diffusion cell-based system with a view to enable the
development of a “medium throughput” technique [45].

The systematic approach employed in the present study was similar to that used by Sjöberg et al.
with an extension to include the use of physiologically relevant media [28]. The specific aims were (i)
to investigate the absorption of a training set of 11 molecules across viable porcine intestine from a
Krebs–Bicarbonate Ringer (KBR) buffer and, with a view approaching more physiologic conditions,
from the biorelevant media Fasted State Simulated Intestinal Fluid Version 2 (FaSSIF V2) and Fed State
Simulated Intestinal Fluid Version 2 (FeSSIF V2) and to correlate the experimental Papp,pig with Peff,human
values determined in humans in vivo; (ii) to demonstrate the ability of the model to detect the regional
variation in drug absorption in the different segments of the small intestine (i.e., duodenum, jejunum
and ileum)—furthermore, uptake in the colon was also evaluated—(iii) to determine Papp,pig of the P-gp
substrates, cimetidine and ranitidine, in the presence and absence of the P-gp inhibitor, verapamil,
to demonstrate that the efflux transporter retained its activity in the porcine intestine ex vivo; and
likewise, (iv) to determine Papp,pig of the CYP3A4 substrates, midazolam, tamoxifen and verapamil, in
the presence and absence of the potent CYP3A4 inhibitor, clotrimazole, to confirm that the enzyme
retained activity. Furthermore, the respective metabolites, hydroxymidazolam, N-desmethyl-tamoxifen
and norverapamil, were also quantified.

2. Materials and Methods

2.1. Chemicals

Antipyrine, cimetidine, clotrimazole, N-desmethyl-tamoxifen hydrochloride, furosemide,
hydrochlorothiazide, ketoprofen, maleic acid, (+/−)-metoprolol-(+)-tartrate, (+/−)-norverapamil
hydrochloride, piroxicam, tamoxifen, terbutaline hemisulfate and (+/−)-verapamil hydrochloride
99% were purchased from Sigma-Aldrich (St. Louis, MO, USA); (+/−)-propranolol hydrochloride and
ranitidine hydrochloride were obtained from Alfa Aesar GmbH & Co KG (Karlsruhe, Germany),
and carbamazepine was purchased from Acros Organics (New Jersey, USA). Midazolam and
α-hydroxymidazolam were purchased from Lipomed AG (Arlesheim, Switzerland), and agar, calcium
chloride dihydrate, glucose hydrate, magnesium chloride hexahydrate, potassium chloride, sodium
chloride, sodium hydroxide, sodium phosphate monobasic and sodium hydrogencarbonate were
obtained from Hänseler AG (Herisau, Switzerland). Sodium taurocholate was purchased from Prodotti
Chimici e Alimentari S.p.A., (Basaluzzo, Italy) and lecithin (grade EPCS > 98% phospholipids) was
obtained from Lipoid GmbH (Ludwigshafen, Germany).

2.2. Porcine Intestinal Tissue

Porcine intestinal tissue from 6-month-old female Swiss noble pigs (weight: 100–120 kg) was
supplied by two local abattoirs (Abattoir de Meinier; Meinier, Switzerland and Abattoir de Loëx;
Bernex, Switzerland) and was collected immediately after slaughter. In order to remove the luminal
debris, the tissue was rinsed with ice-cold KBR (120 mM NaCl, 5.5 mM KCl, 2.5 mM CaCl2, 1.2 mM
MgCl2, 1.2 mM NaH2PO4, 20 mM NaHCO3 and 11 mM glucose; pH 7.4) [56]. During transport from
the slaughterhouse to the laboratory, the tissue was stored in ice-cold KBR and constantly bubbled
with a 95% O2/5% CO2 gas mixture (PanGas AG; Dagmersellen, Switzerland).

Once in the laboratory, the intestinal tissue was prepared using previously published
protocols [46,57]. Briefly, the intestine was opened along the mesenteric border and rinsed with
ice-cold KBR. The muscle layer was carefully removed using a scalpel and fine forceps. The remaining
tunica mucosa and submucosa were cut into segments of approximately 1.5 cm2. Areas including
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Peyer’s patches were avoided. During the whole procedure, which took 5–10 min, the tissue was
stored in ice-cold KBR and constantly bubbled with a gas mixture of 95% O2/5% CO2.

2.3. Ussing Chamber Setup and Procedures for Intestinal Absorption Experiments

A six Ussing chamber system coupled to a VCC MC6 MultiChannel Voltage–Current Clamp
(Physiologic Instruments; San Diego, CA, USA) with a heating block and six input modules with
integral dummy membranes was used for the permeation studies. A circulating water bath (ED-5,
Julabo GmbH, Seelbach, Germany) was used to regulate the temperature. The Ussing chambers were
set up using the method reported by Neirinckx et al. [46]. First, the Ag/AgCl electrodes were put
in tips containing a congealed mixture of 3% agar in 3 M KCl. Then, the electrodes were inserted
into the Ussing chambers, and the donor and acceptor compartments were filled with preheated KBR
(38◦C). The buffer solution was constantly bubbled with a 95% O2/5% CO2 gas mixture; in addition to
oxygenating the tissue, this ensured mixing and circulation of the buffer in the two compartments. Any
voltage difference between the electrodes and the transepithelial electrical resistance due to the buffer
solution was eliminated. The chambers were emptied, the intestinal tissue was mounted on the sliders
with an exposed surface area of 1.26 cm2 and the sliders were inserted into the Ussing chambers. The
intestine was mounted in the Ussing chamber 45 min after harvesting from the animal. KBR (7 mL)
was added to the donor and acceptor compartments and left to equilibrate for 30 min, at which point
both the donor and acceptor compartments were emptied and the acceptor phase was replaced with
the same volume of fresh KBR (7 mL) so as to minimize the potential impact of endogenous material
released during the 30 min equilibration period.

The composition of the solution in the donor compartment was dependent on the experiments: (i)
in the first study into passive drug absorption, each API from the training set of 11 molecules (Table 1)
was dissolved in KBR (7 mL) to prepare a 100 μM solution; (ii) in the second series of experiments,
which investigated the effect of using fasted state biorelevant media on drug absorption, each API
(100 μM) was dissolved in FaSSIF V2 (7 mL; 68.62 mM NaCl, 34.8 mM NaOH, 19.12 mM maleic acid,
3 mM Na taurocholate and 3 mM lecithin; pH 6.5) [58]; (iii) in the third series, which investigated the
effect of fed state conditions on drug uptake, the API was dissolved in FeSSIF V2 (7 mL; 125.5 mM
NaCl, 69.9 mM NaOH, 55.02 mM maleic acid, 10 mM Na taurocholate, 2 mM lecithin, 0.8 mM glycerol
monooleate and 0.8 mM sodium oleate; pH 5.8) [58].
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For the experiments investigating the effect of P-gp, verapamil hydrochloride (a known P-gp
inhibitor) was added to the formulation in the donor compartment, again at 100 μM and similar to
the concentration reported in the literature [60]. For the study investigating the activity of CYP3A4
present in the intestinal membrane, the experiments were performed in the presence/absence of
clotrimazole—a potent CYP3A4 inhibitor (Ki = 18 nM)—again at 100 μM [61]. Given the experimental
setup, all experiments were performed in sextuplicate.

The cumulative drug permeation across the intestinal epithelium was determined by taking
aliquots (400 μL) from the acceptor compartment every 20 min (t = 20, 40, 60, 80, 100 and 120 min); the
volume removed was replaced with a fresh buffer. During the experiment, the viability of the intestinal
tissue was monitored by measuring the variation of the voltage during the intermittent application of
a 50 μA current pulse (duration 200 ms) applied every minute. Using Ohm’s law, the transepithelial
electrical resistance was calculated and used as a measure for tissue viability. Preliminary studies were
performed to define the threshold transepithelial electrical resistance value below which the tissue
integrity was considered to be impaired or not viable. Based on these measurements, tissues with a
transepithelial electrical resistance below 15 Ω.cm2 were considered not to be viable or intact and were
not used for the calculation of the permeability coefficients.

Upon completion of the experiment (t = 120 min), in addition to the sample from the acceptor, a
400 μL aliquot was withdrawn from the donor compartment. The intestinal slices were cut into small
pieces and extracted for 6 h using the mobile phase used for the UHPLC-MS/MS analytical method
(see below). This enabled the amount of API retained in the intestinal tissue to be determined. Prior to
analysis, all samples were centrifuged for 10 min at 14 000 rpm using an Eppendorf Centrifuge 5804
(Vaudaux-Eppendorf AG; Schönenbuch, Switzerland).

2.4. Analytical Methods

The samples were analyzed using UHPLC-MS/MS. The system consisted of a Waters ACQUITY
UPLC® core system and a Waters XEVO® TQ-MS tandem quadrupole mass spectrometer (Milford,
MA, USA). Chromatographic separation was achieved using an ACQUITY UPLC® BEH C18 column,
1.7 μm, 25 × 2.1 mm, attached to an ACQUITY UPLC® BEH C18 Van Guard™ Pre-column, 1.7 μm,
5 × 2.1 mm. Tandem mass spectrometry was performed in the multiple reaction monitoring (MRM),
mode and the majority of the APIs (Supplementary Material, Table S1) were analyzed with positive
ion electrospray ionization (ESI). Furosemide, hydrocholorothiazide, ketoprofen and piroxicam were
analyzed with negative ESI (Table S1). The complete details of the isocratic UHPLC-MS/MS methods
are reported in the Supplementary Material (Table S1 and Table S2). Data acquisition was done using
the MassLynx™ software, version 4.1.

2.5. Data Analysis

2.5.1. Permeability Calculations

The apparent permeability coefficient for transport across the porcine intestinal tissue (Papp,pig)
was calculated using the following equation:

Papp, pig =
dc
dt

× V
A × C0

( cm
s

)
(1)

where dc/dt is the change in the acceptor concentration calculated from the slope of the
concentration–time curve between 20 and 80 min, V is the buffer volume in the donor compartment,
A is the exposed surface area (1.26 cm2) and C0 is the initial concentration of the API in the donor
compartment [62].
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2.5.2. Data Fitting

The experimental permeability values Papp,pig were fitted to the in vivo permeability Peff,human
values using a four parameter logistic equation (SigmaPlot software, version 12.5—Systat Software
Inc.; San Jose, CA, USA) as used by Sjöberg et al., where y0 is the minimum value of Peff,human, X50 is the
Papp,pig when Peff,human is at half the maximum value, a is a scaling factor and b is the slope factor [28].

Pe f f , human = y0 +
a

1 + (
Papp, pig

X50
)

b (2)

2.5.3. Evaluation of the Relative Contributions of Drug Deposition and Permeation During Intestinal
Transport: The Transport Index (TI)

Conventional approaches to evaluate intestinal drug absorption use the permeability coefficient
as the reference parameter. This does not take into account drug retention in the membrane. The
quantification of drug deposition in addition to permeation is routinely carried out in investigations
into the transport of drugs across other biological membranes [63–66]. In this context, Miyake et
al. recently introduced the concept of the transport index (TI) to reflect the sum of the amounts
accumulated in the intestine (QDEP) and permeated across the tissue (QPERM) as a percentage of the
amount applied in the donor compartment [27,67]. This is analogous to a “delivery efficiency”, which
is again used in topical and transdermal delivery studies to indicate the fraction of drugs delivered
from a formulation into or across the skin [68–70].

In the conditions used in the present study, QDEP and QPERM are calculated as follows:

QDEP =
mint 2h

mdonor 0h
× 100 (%) (3)

QPERM =
macc 2h

mdonor 0h
× 100 (%) (4)

where mint 2h and macc 2h represent the amounts deposited in and permeated across the intestine at 2 h
and mdonor 0h is the amount present in the donor compartment at t = 0.

2.6. Statistical Analysis

The data were expressed as the mean ± SD. The results were evaluated statistically using analysis
of variance (one-way ANOVA) followed by Bonferroni’s multiple comparisons test or Student’s t-test.
The level of significance was fixed at α = 0.05.

3. Results and Discussion

3.1. Intestinal Absorption of Drugs from KBR and FaSSIF V2 and FeSSIF V2

The first part of the study involved the validation of the setup. This was done by determining the
Papp,pig of 11 drugs from the four BCS categories (seven high and four low permeability) formulated in
KBR and in FaSSIF V2 and FeSSIF V2 followed by a comparison to the Peff,human reported in the literature
(Tables 1 and 2). The mean initial transepithelial resistance of the jejunum, 41.77 ± 13.78 Ω.cm2

(n = 155), was similar to the resistance of the human intestine (duodenum/jejunum; 34 ± 12 Ω.cm2) [28],
and its monitoring for the duration of the experiment reported on the tissue viability in the presence of
KBR and, importantly, the effect of biorelevant media in the donor compartment. The ability to use
biorelevant media that simulate more physiological conditions is a major advantage of this system
since it enables a better approximation of the food effects on drug permeation [71]; this can be difficult
with Caco-2 cells due to the cytotoxic effects [72] (necessitating the development of more complex
systems [13,73–75]). As seen with other ex vivo models, the Papp,pig values were, in general, smaller
than the effective permeability Peff,human determined in humans in vivo with the Loc-I-Gut single-pass
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perfusion technique [76]. This can be explained by the differences between the physiological and
experimental conditions. For example, Papp,pig (and the apparent permeability coefficients with other
species) calculated from Ussing chamber data ex vivo are derived from the drug concentration gradient
observed in the acceptor compartment as the amount permeated across a small piece of intestine with
a defined area gradually increasing with time. They do not take into account the amount of drug
that is retained in the intestinal tissue, which can be significant for certain molecules (Table 1). In
contrast, Peff,human calculated in vivo using the Loc-I-Gut technique is dependent upon the difference
in concentration over a given length of tissue:

Pe f f , human =
Qin
A

ln
(

Cout

Cin

)
(5)

where Qin is the input rate, Cin and Cout are the drug concentrations at the start and end of the intestinal
segment and A is the surface area for absorption. Thus, any process contributing to the loss of the
drug from the intestinal fluid will contribute to an increase in Peff,human. The surface area for absorption
in the Loc-I-Gut model has typically been modelled as a smooth, flat cylinder, ignoring the presence
of villi and microvilli, which significantly increase the effective surface area through which drug
absorption can occur. A correction of the absorption area to take into account the presence of the
additional surface provided by the villi/microvilli would result in a new estimate for the area, which,
by definition, would be greater than that of the smooth cylinder and, hence, reduce the value of
Peff,human. The impact of this additional surface area was recently shown by Olivares-Morales et al.,
who demonstrated that the estimated Peff,human changed dramatically upon including a physiologically
relevant estimate of the intestinal surface area available for drug absorption [77]. A correction of the
surface area decreased Peff,human and brought the values closer to the permeability coefficients reported
ex vivo. The comparison of these corrected Peff,human and the Papp,pig obtained here using the Ussing
chamber system shows excellent agreement (Table 2).

102



Pharmaceutics 2019, 11, 139

T
a

b
le

2
.

Th
e

ap
pa

re
nt

pe
rm

ea
bi

lit
y

co
ef

fic
ie

nt
s

fo
r

pa
ss

iv
e

ab
so

rp
ti

on
ac

ro
ss

po
rc

in
e

in
te

st
in

e,
P a

pp
,p

ig
,f

ro
m

K
BR

an
d

th
e

bi
or

el
ev

an
tm

ed
ia

Fa
SS

IF
V

2
an

d
Fe

SS
IF

V
2

an
d

th
e

Q
D

EP
an

d
Q

PE
R

M
va

lu
es

d
et

er
m

in
ed

w
it

h
vi

ab
le

p
or

ci
ne

in
te

st
in

e
ex

vi
vo

(n
≥

3)
:T

he
ef

fe
ct

iv
e

pe
rm

ea
bi

lit
y

co
ef

fi
ci

en
ts

a,
b

fo
r

ab
so

rp
ti

on
in

vi
vo

in
hu

m
an

s,
P e

ff,
hu

m
an

,a
re

gi
ve

n
fo

r
co

m
pa

ri
so

n.

D
ru

g
P

ap
p,

pi
g

E
x

V
iv

o
(1

0
−

6
cm

/s
)

P
ef

f,h
um

an
a

P
ef

f,h
um

an
b

Q
D

EP
(%

)
Q

P
ER

M
(%

)
(n

)
c

K
B

R
(n

)
F

a
S

S
IF

V
2

(n
)

F
e
S

S
IF

V
2

(n
)

In
V

iv
o

(1
0
−

6
cm

/s
)

In
V

iv
o

(1
0
−

6
cm

/s
)

K
B

R
F

a
S

S
IF

V
2

F
e
S

S
IF

V
2

B
C

S
I

(1
)A

nt
ip

yr
in

e
8.

06
±

7.
91

(1
0)

6.
18

±
2.

18
(4

)
7.

47
±

0.
95

(3
)

56
0
±

n.
a.

[3
1]

19
–2

9
[7

7]
0.

72
±

0.
20

2.
18

±
0.

53
(6

)
1.

07
±

0.
22

0.
33

±
0.

16
(4

)
2.

90
±

0.
26

1.
03

±
0.

28
(3

)
(2

)K
et

op
ro

fe
n

26
.3

1
±

1.
49

(3
)

6.
34

±
2.

63
(5

)
6.

42
±

2.
44

(4
)

87
0
±

n.
a.

[3
1]

29
–4

5
[7

7]
11

.5
7
±

2.
65

6.
25

±
0.

92
(6

)
4.

49
±

1.
61

0.
90

±
0.

46
(5

)
0.

37
±

0.
08

0.
97

±
0.

54
(4

)
(3

)M
et

op
ro

lo
l

10
.6

4
±

2.
92

(3
)

7.
62

±
1.

41
(3

)
5.

79
±

1.
38

(3
)

85
0
±

n.
a.

[3
1]

5.
2–

7.
9

[7
7]

0.
28

±
0.

04
0.

18
±

0.
05

(6
)

0.
12

±
0.

03
0.

89
±

0.
19

(3
)

0.
22

±
0.

01
0.

74
±

0.
08

(3
)

(4
)P

ro
pr

an
ol

ol
6.

01
±

3.
41

(5
)

0.
71

±
0.

24
(3

)
0.

93
±

0.
55

(3
)

28
0
±

13
0

[3
1]

9.
3–

14
[7

7]
0.

35
±

0.
06

0.
04

±
0.

05
(6

)
4.

17
±

0.
15

0.
27

±
0.

03
(3

)
1.

61
±

0.
57

0.
27

±
0.

30
(3

)
B

C
S

II

(5
)C

ar
ba

m
az

ep
in

e
7.

81
±

5.
69

(1
6)

5.
97

±
0.

52
(4

)
4.

26
±

0.
96

(6
)

43
0
±

n.
a.

[3
1]

-
1.

44
±

0.
16

2.
39

±
0.

42
(6

)
n.

a.
n.

a.
-

3.
45

±
0.

52
0.

58
±

0.
22

(6
)

(6
)N

ap
ro

xe
n

12
.1

4
±

4.
83

(3
)

9.
33

±
3.

36
(3

)
45

.4
7
±

7.
97

(5
)

85
0
±

n.
a.

[3
1]

27
–4

2
[7

7]
n.

a.
n.

a.
-

n.
a.

n.
a.

-
4.

74
±

1.
04

8.
11

±
1.

22
(5

)
(7

)P
ir

ox
ic

am
8.

93
±

2.
03

(3
)

10
.8

3
±

3.
70

(3
)

5.
14

±
0.

78
(4

)
66

5
±

n.
a.

[3
1]

-
4.

12
±

0.
15

2.
52

±
0.

70
(3

)
5.

63
±

0.
26

2.
32

±
0.

79
(3

)
0.

21
±

0.
04

1.
13

±
0.

46
(5

)
B

C
S

II
I

(8
)A

te
no

lo
l

3.
05

±
0.

73
(6

)
3.

70
±

1.
28

(6
)

4.
53

±
1.

71
(5

)
20

±
n.

a.
[3

1]
1.

8–
2.

8
[7

7]
7.

38
±

3.
11

0.
67

±
0.

13
(6

)
0.

25
±

0.
06

0.
48

±
0.

09
(6

)
0.

55
±

0.
11

0.
61

±
0.

12
(5

)
(9

)T
er

bu
ta

lin
e

5.
33

±
1.

95
(1

7)
4.

47
±

0.
62

(5
)

3.
30

±
0.

68
(6

)
30

±
30

[7
8]

1.
7–

2.
6

[7
7]

0.
52

±
0.

11
0.

66
±

0.
22

(6
)

39
.4

7
±

2.
51

0.
54

±
0.

29
(5

)
0.

04
±

0.
00

0.
39

±
0.

10
(6

)
B

C
S

IV

(1
0)

Fu
ro

se
m

id
e

1.
69

±
0.

89
(1

6)
3.

34
±

1.
46

(4
)

3.
83

±
0.

77
(6

)
5
±

n.
a.

[3
1]

1–
1.

6
[7

7]
n.

a.
n.

a.
-

2.
22

±
0.

17
0.

43
±

0.
09

(4
)

1.
52

±
0.

24
1.

38
±

0.
24

(6
)

(1
1)

H
yd

ro
ch

lo
ro

th
ia

zi
de

2.
88

±
2.

84
(1

7)
0.

2
±

0.
25

(3
)

1.
37

±
0.

53
(6

)
4
±

n.
a.

[3
1]

-
n.

a.
n.

a.
-

0.
22

±
0.

11
0.

11
±

0.
05

(3
)

0.
74

±
0.

09
0.

23
±

0.
08

(6
)

a
P

ef
f,h

um
an

d
et

er
m

in
ed

u
si

ng
th

e
L

oc
-I

-G
u

t
m

et
ho

d
w

as
p

er
fo

rm
ed

in
liv

in
g

hu
m

an
s.

A
je

ju
na

ls
eg

m
en

t
of

10
cm

w
as

is
ol

at
ed

an
d

p
er

fu
se

d
w

it
h

a
so

lu
ti

on
w

it
h

a
kn

ow
n

d
ru

g
co

nc
en

tr
at

io
n.

Th
e

di
ff

er
en

ce
in

dr
ug

co
nc

en
tr

at
io

ns
ac

ro
ss

th
e

is
ol

at
ed

se
gm

en
tw

as
us

ed
to

es
tim

at
e

th
e

dr
ug

ab
so

rp
tio

n,
an

d
th

is
am

ou
nt

to
ge

th
er

w
ith

th
e

as
su

m
pt

io
n

of
a

cy
lin

dr
ic

al
su

rf
ac

e
ar

ea
fo

r
up

ta
ke

en
ab

le
d

th
e

es
ti

m
at

io
n

of
P e

ff,
hu

m
an

;b
P e

ff,
hu

m
an

ca
lc

ul
at

ed
us

in
g

th
e

L
oc

-I
-G

ut
m

et
ho

d
w

as
pe

rf
or

m
ed

in
liv

in
g

hu
m

an
s

bu
tw

it
h

th
e

in
cl

us
io

n
of

ph
ys

io
lo

gi
ca

l
es

ti
m

at
es

of
th

e
su

rf
ac

e
ar

ea
fo

r
ab

so
rp

ti
on

[7
7]

;c
N

um
be

r
of

re
pl

ic
at

es
.

103



Pharmaceutics 2019, 11, 139

The Peff,human (uncorrected)/Papp,pig ratios for high permeability drugs were approximately 20-fold
greater than those for low permeability drugs. The permeation surface for high permeability drugs,
normally absorbed via the transcellular pathway, is larger compared to that of low permeability drugs,
which are absorbed by the paracellular pathway. Therefore, a reduction in or a lack of blood flow,
motility or lymphatic drainage in ex vivo experiments influences high permeability drugs much more
than low permeability drugs—hence, their higher Peff,human /Papp,pig ratios.

In a next step, the published Peff,human values were plotted against the ln Papp, pig values for the
three experimental setups KBR/KBR, FaSSIF V2/KBR, and FeSSIF V2/KBR (Figure 1). In every case,
strong sigmoidal correlations (R2 = 0.97 for KBR/KBR, R2 = 0.91 for FaSSIF V2/KBR and R2 = 0.76
for FeSSIF V2/KBR) were obtained and it was possible to distinguish clearly between high and low
permeability drugs. The data were fitted using a four parameter logistic equation (see Section 2.5.2) [28];
in general, Papp, pig decreased going from KBR to FaSSIF V2 and FeSSIF V2, and the correlation curves
were translated to the left. The quality of the fit decreased going from KBR/KBR to FeSSIF V2/KBR.
A trend towards a decreased permeability with an increasing concentration of sodium taurocholate
and lecithin in the biorelevant media was found. This was in good agreement with previous findings,
where it was observed that, depending on the drug characteristics, permeability decreased with an
increasing concentration of solubility enhancers since poorly water soluble drugs were increasingly
solubilized in the micelles, and therefore, less free drug was available for permeation [79,80]. Thus, the
composition of FeSSIF V2 makes it more likely to influence the solubility and absorption of certain
drugs, and this additional complexity might affect the quality of the correlation.

Figure 1. The correlation between the effective permeability coefficient in vivo, Peff,human (literature
values derived assuming smooth cylindrical representation of the surface area for absorption) and the
permeability coefficient calculated using porcine intestine ex vivo and the Ussing chamber technique
(Papp,pig): The drug absorption was tested using KBR, and the biorelevant media, FaSSIF V2, and FeSSIF
V2. BCS I/II (High permeability drugs): 1. Antipyrine, 2. Ketoprofen, 3. Metoprolol, 4. Propranolol, 5.
Carbamazepine, 6. Naproxen and 7. Piroxicam; BCS III/IV (Low permeability drugs): 8. Atenolol, 9.
Terbutaline, 10. Furosemide and 11. Hydrochlorothiazide (for n, see Table 2). A 100 μM solution of
each drug was prepared in (i) KBR, (ii) FaSSIF V2 and (iii) FeSSIF V2. A four parameter logistic model
was used to derive the fit between Peff,human and Papp,pig (see Section 2.5.2) [28].

As the Peff,human values are obtained for more molecules, further experiments can be carried out
with the porcine intestine to determine the corresponding Papp,pig and so to expand the dataset.
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3.2. Segmental Intestinal Drug Permeation: Regional Variations in Drug Uptake

Physiological factors such as variation of the surface, “tightness” of the tight junctions, variable
expression of uptake and efflux transporters as well as enzymes can result in regional differences in
drug absorption [81]. The identification of segmental drug permeation differences at an early stage
can be advantageous since it can be used to optimize formulation development. Interestingly, the
mean transepithelial resistances of the four intestinal segments at the start of the experiments were
found to be in the same range: 57.33 ± 20.66 Ω.cm2 (n = 14) for the duodenum, 41.77 ± 13.79 Ω.cm2

(n = 155) for the jejunum, 40.85 ± 15.08 Ω.cm2 (n = 31) for the ileum and 35.71 ± 16.56 Ω.cm2 (n = 18)
for the colon. The ability of the model to identify segmental differences in intestinal drug permeation
was tested by determining Papp,pig of antipyrine and metoprolol (two high permeability drugs; BCS
I) and cimetidine (low permeability drug; BCS III) across the duodenum, jejunum, ileum and colon
(Figure 2 and Table 3). Due to their lipophilicity, antipyrine and metoprolol are absorbed passively via
the transcellular pathway [82]. Cimetidine, in contrast, is transported by the paracellular pathway, and
it is also a P-gp substrate [83]. The results were compared with the permeability data determined in
humans [84].

Figure 2. The porcine ex vivo model was able to identify regional variations in intestinal absorption
(Papp,pig) for metoprolol, cimetidine and antipyrine in the duodenum, jejunum, ileum and colon. A
100 μM solution of each drug was prepared in KBR (Mean ± SD; n = number of replicates). A statistical
analysis was performed using one-way ANOVA followed by a Bonferroni’s multiple comparisons ad
hoc test.
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In the case of antipyrine, Papp,pig across the ileum was significantly greater than that for uptake
across the duodenum and jejunum (p < 0.05), i.e., an improved permeation on passing from the
proximal to the distal small intestine. It was noted that Papp,pig for uptake in the colon was equivalent
to that in the ileum. A similar behavior was observed with metoprolol, where a statistically significant
increase in Papp,pig from the proximal to the distal gastrointestinal tract was observed (p < 0.05). As
mentioned above, in contrast to antipyrine and metoprolol, which are BCS I drugs, cimetidine is a
BCS III drug, and it behaved differently: In this case, Papp,pig was significantly higher in the jejunum as
compared to all the other segments (p < 0.05).

To date, few in vivo data regarding a regional variation in drug permeability in humans are available.
Of the drugs tested here, Peff,human has only been determined for cimetidine [85], and the same trend
was observed: The Peff,human across jejunum was significantly higher than that across the other segments
(although the absolute value of Papp,pig was approx. 50-fold lower than (uncorrected) Peff,human). It was
found that Peff,human decreased three-fold going from the jejunum to the ileum (from 75 × 10−6 cm/s to 25
× 10−6 cm/s), in comparison, Papp,pig decreased approx. eight-fold.

In terms of ex vivo data from human intestine in the Ussing chamber (Papp,human), (i) for antipyrine,
the Papp,human values increased approximately two-fold on going from the duodenum to the colon (26.3 ±
6.99 × 10−6 cm/s to 54.6 ± 13.0 × 10−6 cm/s) [28] and were similar to Papp,pig measured here (13.7 ± 5.2
× 10−6 cm/s and 28.6 ± 4.0 × 10−6 cm/s, respectively); (ii) for cimetidine, Papp,human was only determined
for the jejunum (3.74 ± 0.47 × 10−6 cm/s) and was approximately two-fold higher than Papp,pig (1.50 ±
0.07 × 10−6 cm/s); and (iii) for metoprolol, Papp,pig was in the same range as Papp,human in the jejunum
(10.64 ± 2.92 × 10−6 cm/s vs. 15.9 ± 3.69 × 10−6 cm/s, respectively) and in the colon (17.55 ± 5.41 ×
10−6 cm/s vs.18.8 ± 4.0 × 10−6 cm/s, respectively) (Table 3) [28]. In general, there was a good agreement
between Papp,human and Papp,pig (although Papp,human was usually a little higher) confirming that healthy
porcine intestinal tissue was able to identify regional differences in drug absorption consistent with those
reported with human intestine [28].

3.3. Demonstrating Activity of the P-gp Efflux Transporter

The transport of two low permeability drugs, cimetidine and ranitidine (both BCS III), which are
known substrates of P-gp [81,83,86], in the jejunum and ileum was investigated in the presence and
absence of the P-gp inhibitor verapamil (Figure 3). BCS III substances were chosen since P-gp plays a
minimal role in the drug permeation of high permeability drugs (BCS I and II) [87]. No statistically
significant difference in Papp,pig was observed for transport across the jejunum in the presence or
absence of verapamil (Table 4). In contrast, the presence of verapamil significantly increased Papp,pig
in the ileum for both cimetidine and ranitidine. In human intestine, P-pg expression in the proximal
intestine is lower than in the distal small intestine [41,84]. The more pronounced effect of verapamil
on the absorption in the ileum suggested that the same P-gp distribution might be present in porcine
intestine. However, since it is reported that verapamil is a modulator of the organic cation transporter,
the effect—if any—of this activity needs to be investigated [88,89].
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Figure 3. The activity of the P-gp efflux transporter was confirmed by measuring Papp,pig of the P-gp
substrates, cimetidine and ranitidine (both prepared at a concentration of 100 μM in KBR), in the
jejunum and the ileum in the presence (+VER; 100 μM) or absence (−VER) of verapamil (a P-gp
inhibitor). Statistically significant differences (Student’s t-test) were observed for the ileum, which was
consistent with the reports for humans in vivo. (Mean ± SD; n = number of replicates).

3.4. Demonstrating that CYP3A4 Retains Activity in the Porcine Intestine Ex Vivo

Another crucial process during drug permeation in vivo is the pre-systemic metabolism in the
gut wall—principally due to CYP3A4 activity. To test whether CYP3A4 activity was retained in
porcine intestine ex vivo, the intestinal permeation of three CYP3A4 substrates, midazolam, tamoxifen
and verapamil, was investigated in the presence and absence of clotrimazole, a potent CYP3A4
inhibitor. The Papp,pig of all three substances significantly increased in the presence of clotrimazole
(Table 5); furthermore, the amount of each of the principal metabolites—α-hydroxymidazolam,
N-desmethyl-tamoxifen, and norverapamil—in the intestinal tissue was significantly decreased
(Figure 4).

Table 5. The apparent drug permeability coefficients, Papp, pig and QDEP and QPERM, in the jejunum
for drug substrates of CYP3A4 in the presence (+CLOTR) and absence (−CLOTR) of the CYP3A4
inhibitor, clotrimazole.

Drug

Papp,pig
Ex Vivo

(10−6 cm/s)
QDEP (%) QPERM (%) (n) a

(−CLOTR) (n) (+CLOTR) (n) (−CLOTR) (+CLOTR)

Midazolam 0.183 ± 0.138 (4) 0.460 ± 0.070 (4) 8.06 ± 1.33 0.13 ± 0.09 (6) 7.49 ± 2.50 0.18 ± 0.08 (5)
Tamoxifen 0.124 ± 0.046 (3) 1.381 ± 1.080 (3) 1.82 ± 1.39 0.07 ± 0.07 (3) 1.82 ± 0.58 0.06 ± 0.06 (4)
Verapamil 0.008 ± 0.003 (4) 0.211 ± 0.071 (3) 1.88 ± 0.12 0.00 ± 0.00 (3) 3.00 ± 0.63 0.18 ± 0.07 (6)

a Number of replicates.
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Figure 4. The enzymatic activity of CYP3A4 in the intestinal tissue was confirmed by investigating
the transport of the CYP3A4 substrates midazolam, tamoxifen and verapamil (all prepared at a
concentration of 100 μM in KBR) across the jejunum and quantification of the amounts (of their
metabolites (α-hydroxymidazolam, N-desmethyl-tamoxifen and norverapamil) retained in the tissue
in the presence (+CLOTR; 100 μM) or absence (−CLOTR) of the CYP3A4 inhibitor clotrimazole.
Statistically significant differences were identified using the Student’s t-test. (Mean ± SD; n = number
of replicates).

3.5. Relative Contribution of Drug Deposition (QDEP) and Drug Permeation (QPERM) to the Transport
Index (TI)

The values of QDEP and QPERM provide insight at a number of levels (Table 2). First, QDEP
reports on the fraction of drugs that partitioned from the formulation in the donor compartment
into the intestinal tissue but was unable to reach the receiver compartment within the timeframe of
the permeation experiment. Thus, it is not taken into account in the calculations that measure the
permeability coefficient and, hence, may contribute to the underestimation of intestinal absorption ex
vivo. Second, the relative magnitudes of QDEP and QPERM reflect the effect of the drug physicochemical
properties on molecular transport into and across the intestine (Tables 1 and 2). Highly lipophilic
molecules, e.g., midazolam, tamoxifen and verapamil, used in the studies to investigate CYP3A4
activity showed a clear trend towards accumulation within the membrane. In a similar way, the
moderately lipophilic character of ketoprofen and piroxicam may explain their retention within the
intestinal tissue. Although the P-gp substrates, cimetidine and ranitidine, are significantly more polar,
they demonstrated a selectivity for membrane accumulation over permeation; this was tentatively
attributed to their capacity to form hydrogen bonds (HB): They both contained five HB acceptor groups
in addition to multiple HB donor functions—three in the case of cimetidine and two for ranitidine.
The relative values of QDEP and QPERM for metoprolol and, in particular, atenolol were more difficult
to explain. In the case of metoprolol, a combination of modest lipophilicity and HB formation capacity
(four HB acceptors and two HB donors) might be sufficient to account for its behavior. Atenolol
was more polar but contained four HB acceptors and two HB donors. It was noted that most of the
molecules with a propensity to accumulate were P-gp substrates, although whether and/or how this
might influence retention is unclear at this point. Regional differences in the relative magnitudes of
QDEP and QPERM were observed: The QPERM/QDEP ratio was significantly greater in the colon for
antipyrine, cimetidine and metoprolol than in the small intestine.

In the case of the CYP3A4 substrates, the presence of clotrimazole only had a statistically
significant effect on the QDEP and QPERM of verapamil (p < 0.05 and p < 0.05, respectively). As
shown in Figure 4, during the permeation experiment, the metabolite norverapamil was formed,
which is itself a strong CYP3A4 inhibitor [89]. CYP3A4 inhibition by clotrimazole in conjunction with
norverapamil may have helped to increase the amount of verapamil in the tissue, which accumulated
due to its lipophilicity.
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4. Conclusions

The results demonstrated that viable porcine intestine ex vivo could be used in conjunction
with an Ussing chamber system to evaluate the effect of physiological conditions on intestinal drug
absorption. The comparison of passive drug absorption from KBR and with biorelevant media
simulating fasted and fed states was a step forward in trying to predict drug absorption under
more physiological conditions. An excellent correlation was observed between Papp,pig and the drug
permeability coefficient, Peff,human, measured in vivo both in terms of the trend and absolute values
once a correction was made to take into account the actual surface area for absorption in vivo [77]. The
experiments investigating the differences in regional/segmental uptake demonstrated the potential
of the model to aid in the rational design of formulations that enabled release in the region with the
highest drug permeability. The advantages of using viable tissue were clearly shown in the studies
illustrating the impact of P-gp transport and pre-systemic metabolism by CYP3A4 present in the
gut wall. From an ethical standpoint, the technique had the advantage in that it did not require
the sacrifice of any animals in the laboratory. Furthermore, healthy tissue was sourced from a large
omnivorous mammal. In the next phase of the project, the aims are (i) to create a dynamic system that
mimics molecular transit through the different compartments of the gastrointestinal tract and which
enables the direct evaluation of oral drug dosage forms and (ii) to explore the potential applications in
food and nutrition and the elucidation of active compounds present in complex formulations used in
traditional medicine.
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Abstract: The aim of the present study was to assess the regional absorption of fimasartan by
an improved in situ absorption method in comparison with the conventional in situ single-pass
perfusion method in rats. After each gastrointestinal segment of interest was identified, fimasartan
was injected into the starting point of each segment and the unabsorbed fimasartan was discharged
from the end point of the segment. Blood samples were collected from the jugular vein to evaluate
the systemic absorption of the drug. The relative fraction absorbed (Fabs,relative) values in the specific
gastrointestinal region calculated based on the area under the curve (AUC) values obtained after
the injection of fimasartan into the gastrointestinal segment were 8.2% ± 3.2%, 23.0% ± 12.1%,
49.7% ± 11.5%, and 19.1% ± 11.9% for the stomach, duodenum, small intestine, and large intestine,
respectively, which were comparable with those determined by the conventional in situ single-pass
perfusion. By applying the fraction of the dose available at each gastrointestinal segment following
the oral administration, the actual fraction absorbed (F′

abs) values at each gastrointestinal segment
were estimated at 10.9% for the stomach, 27.1% for the duodenum, 40.7% for the small intestine,
and 5.4% for the large intestine, which added up to the gastrointestinal bioavailability (FX·FG) of
84.1%. The present method holds great promise to assess the regional absorption of a drug and aid to
design new drug formulations.

Keywords: regional absorption; intestinal permeability; in situ single-pass perfusion; fimasartan;
controlled release formulations

1. Introduction

Following oral administration, a drug must pass through the gastrointestinal lumen, penetrate
through the gut wall, and resist metabolic degradation by intestinal and hepatic enzymes, and biliary
excretion [1]. In this process, the oral drug absorption is dependent on various factors including
the pH, solubility and dissolution of a drug in the intestinal fluid, permeability across the intestinal
membrane, presystemic metabolism, and drug transporters. Moreover, these factors vary depending
on the location of the gastrointestinal tract [2]. Due to the interplays of these regional differences in the
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gastrointestinal environment and the physicochemical properties of a drug, the orally administered
drug may have a favorable region for absorption. A better understanding of the dynamic and variable
absorption process is essential for the successful development of oral dosage formulations. It helps to
rationally design drug formulations with optimized bioavailability. Moreover, information regarding
the regional differences of the gastrointestinal physiology and the factor-controlling absorption is
especially critical to design controlled-release formulations with specific drug release pattern in the
gastrointestinal tract.

Fimasartan is the 9th angiotensin II receptor antagonist approved for the treatment of mild to
moderate hypertension with the brand name of Kanarb®. As a pyrimidine-4(3H)-one derivative of
losartan, fimasartan provides greater potency and efficacy than losartan in parallel with the rapid onset
of antihypertensive effects [3–5]. Following oral administration, fimasartan is known to be rapidly
absorbed with an oral bioavailability of 32.8–44.7% in rats (solution), 8.0–17.3% in dogs (solution),
and 18.6% ± 7.2% in humans (tablet) [6–8]. More than 90% of circulating fimasartan moieties in the
plasma is the parent form suggesting fimasartan is metabolically stable, and fecal elimination and
biliary excretion are the predominant elimination pathways of fimasartan [6]. Fimasartan has been
licensed out to various countries worldwide including 13 Latin American countries as well as Russia
and China. Recently, fixed dose combination tablets of fimasartan with another class drug, such as
hydrochlorothiazide, amlodipine, and rosuvastatin, have been launched, and various preclinical and
clinical studies are also ongoing to develop new formulations of fimasartan.

Several experimental models are currently available to determine the intestinal absorption of a
drug and the controlling mechanisms of absorption [9]. For example, immobilized artificial membrane
(IAM) chromatography [10] and parallel artificial membrane permeability assay (PAMPA) [11] provide
relatively simple and efficient screening tools to predict passive intestinal transport in the drug
discovery stage. Various in vitro methods have been used to evaluate the intestinal absorption potential
of drug candidates, which include animal tissue-based methods, such as everted gut techniques [12],
Ussing chambers [13], and isolated membrane vesicles [14], and cell-based methods such as Caco-2
cells [15] and Madin-Darby canine kidney cells [16]. On the other hand, in vivo evaluation of drug
absorption in animals is commonly used to predict the extent of absorption of drug candidates in
humans. These experimental models have their own advantages and disadvantages, and the judicious
use of the various techniques at the right stage of drug discovery and development is important.
Furthermore, exciting and novel approaches have been extensively investigated to overcome the
hurdles associated with poor gastrointestinal stability and absorption of biological drugs [17,18].
Accurate assessment of oral absorption by using proper experimental tools is also critical for the
successful development of formulations and oral delivery strategies for biological drugs.

Among the experimental models, in situ single-pass perfusion is a frequently used method to
evaluate the regional intestinal permeability as well as the absorption kinetics of drugs [19–21]. In this
method, the compound of interest is monitored in a perfusate and the difference between inlet and
outlet concentrations, i.e., the loss of the compound, is attributed to the permeability. It has been
suggested that the extent of absorption in humans can be predicted from single-pass intestinal perfusion
studies in rats [21–23]. The major advantage of the single-pass perfusion method is the presence of
intact blood and nerve supply in the experimental animals, which provides conditions close to the
physiological state following oral administration [9]. The control of the factors, such as concentration,
pH, and intestinal perfusion rate [20], is another strength of the in situ single-pass perfusion method.
Moreover, it provides a unique ability to study regional differences in the gastrointestinal tract by
using different gastrointestinal segments [24].

Nevertheless, the in situ single-pass perfusion method has limitations in that perfusion may
disturb the normal physiology of the gastrointestinal tract and it does not consider other factors
affecting drug concentrations in the intestinal lumen. It is assumed that the disappearance of the drug
from the intestinal lumen is attributed to the intestinal permeability. However, the decrease of the
drug concentration in the perfusate may not be entirely dependent on the absorption of the drug into
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the systemic circulation, but also on the drug metabolism in the gastrointestinal tract. Thus, the in
situ single-pass perfusion method may overestimate the intestinal permeability and absorption of
drugs undergoing intestinal metabolism. Moreover, a significant amount of drug may be necessary to
conduct the in situ single-pass perfusion method, because continuous perfusion is needed until the
steady state is reached. Thus, it may not be appropriate in the early stage of drug development for
candidate screening purpose.

In the present study, an improved in situ absorption method has been developed to assess
the regional absorption of fimasartan and compared the results with those obtained by the in situ
single-pass perfusion method. The improved in situ absorption model evaluated the absorption by
measuring the resulting drug plasma concentrations after an injection of a drug into a specific segment
of the gastrointestinal tract, instead of measuring the disappearance of a drug in the perfusate during
perfusion. Therefore, it allowed evaluation of net absorption in the different gastrointestinal segments
in the more physiological condition, where drug absorption occurs sequentially as the drug solution
passes through the gastrointestinal tract.

2. Materials and Methods

2.1. Chemicals and Reagents

Fimasartan and the internal standard (BR-A-563) were provided by Boryung Pharm. Co., Ltd.
(Seoul, Korea). High performance liquid chromatography (HPLC) grade acetonitrile, methanol,
and distilled water were products of Mallinckrodt Baker, Inc. (Phillipsburg, NJ, USA). Formic acid was
obatined from Aldrich Chemicals (Milwaukee, WI, USA).

2.2. Animals

The animal studies were approved by the ethics committee for the treatment of laboratory
animals at the Catholic University of Daegu (IACUC-2012-005). Male Sprague–Dawley rats, weighing
250–300 g, were housed in a temperature of 22–24 ◦C and a relative humidity of 50% ± 10% with a
standard 12-h light/dark cycle.

2.3. Determination of Hepatic First-Pass Metabolism and Gastrointestinal Bioavailability (FX·FG)

After anesthetized by an intraperitoneal injection of urethane (1 g/kg), the rats were cannulated
with a polyethylene (PE) tubing (0.58 mm i.d., 0.96 mm o.d., Natsume, Tokyo, Japan) in the right
jugular vein. For drug administration, the animals were also cannulated in the intended routes of
administration. The femoral vein and the portal vein was cannulated for intravenous injection and
portal vein injection, respectively. For portal venous injection, the portal vein was exposed by an
abdominal incision and a PE tube (0.28 mm i.d., 0.61 mm o.d., Natsume, Tokyo, Japan) was inserted
into the portal vein, and the wound was closed by applying epoxy glue (Krazy Glue, IL, USA).
An abdominal incision was also made in rats receiving an intravenous injection to maintain the same
experimental conditions. Fimasartan was dissolved in distilled water and injected at doses of 0.1 and
0.3 mg/kg into the femoral or portal vein. Blood samples were collected from the jugular vein before
and at 2 min, 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h, and 8 h after the fimasartan administration.
Plasma samples were harvested by centrifugation of the blood samples at 1500× g for 10 min.

The plasma concentration of fimasartan vs. time data were analyzed by the noncompartmental
method using the Phoenix® WinNonlin® software (Certara, L.P., Princeton, NJ, USA). Fractions of the
administered dose that escaped the first-pass metabolism by the liver (FH) was calculated as follows:

FH =
AUCportal vein

AUC iv
· Div

Dportal vein
(1)

where AUC represents the area under the plasma concentration vs. time curve with the time from zero
to infinity while D is the dose; and the subscript refers to the route of administration.
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The gastrointestinal bioavailability (FX·FG) was derived by:

FX · FG =
F

FH
(2)

where FX is the fraction absorbed and FG is the fraction of the dose that escapes the gut wall metabolism,
and F is the absolute oral bioavailability of 39.85% [6].

2.4. In Situ Single-Pass Perfusion

After overnight fasting, the rats were anesthetized by an intraperitoneal injection of urethane
(1 g/kg). For determination of the permeability in the duodenum, the abdomen was opened and
the gastrointestinal segment of the duodenum (11 cm length from the end of the stomach) [25] was
isolated and cannulated at both ends of the segment with a silicone tube (2 mm i.d. Daihan Scientific
Co., Wonjoo, Korea). For determination of the permeability in the small intestine and large intestine,
the same procedure was used to prepare the small intestine and large intestine segments. The segment
of the small intestine (from the end of the duodenum to the caecum) and large intestine (from the
caecum to the rectum) was isolated and cannulated. The cannulated segment was rinsed with 37 ◦C
saline to clear the segment before perfusion. Each end of the cannulated segment was attached to the
perfusion assembly, which consisted of a syringe pump (KD Scientific, Holliston, MA, USA) for input
and a peristaltic pump (EP-1 Econo Pump, Bio-Rad, Hercules, CA, USA) for output.

Fimasartan was dissolved in distilled water at a concentration of 0.1667 mg/mL and perfused
with a perfusion rate of 0.2 mL/min. The animal was placed on a heating pad to maintain the body
temperature, and the abdominal incision area was stapled to prevent loss of fluid and hypothermia.
The outlet perfusates were collected on the ice at 10-min intervals from 50 to 140 min after the perfusion
was initiated. The collected outlet samples were stored at −20 ◦C until analysis. The regional absorptive
clearance (PeA) was estimated by:

Pe A = Qin · ln
(

Cin
Cout

)
(3)

where Qin is the perfusion rate, and Cin and Cout are the inlet and outlet concentrations at the steady
state, respectively. The regional fraction absorbed (Fabs) at the segment i in the duodenum, small
intestine, or large intestine was calculated as:

Fabs,i =
Cin − Cout

Cin
(4)

2.5. Improved In Situ Absorption Model

Similar to the in situ single-pass perfusion method, the rats were anesthetized by an intraperitoneal
injection of urethane (1 g/kg) after overnight fasting. The abdomen was opened and the gastrointestinal
segment of interest, i.e., stomach, duodenum, small intestine, or large intestine, was identified.
The starting point of the segment was slightly tied off, the other end of the segment was cannulated
with a silicone tube (2 mm i.d. Daihan Scientific Co., Wonjoo, Korea) to prevent the unabsorbed fraction
being absorbed in the next segment, and the contents of the segment were removed.

Fimasartan dissolved in distilled water (1.0 mg/mL, 0.59 mL/kg) was injected to the starting point
of the gastrointestinal segment, i.e., stomach, duodenum, small intestine, or large intestine at a dose of
0.5 mg/kg. The blood samples were collected from the jugular vein before and at 2 min, 5 min, 10 min,
15 min, 30 min, 1 h, 2 h, 4 h, and 8 h after the injection of fimasartan. Plasma samples were obtained by
centrifugation of the blood samples at 1500× g for 10 min and were stored at −20 ◦C until analysis.
The animal was placed on a heating pad to maintain the body temperature. The experimental set-up
for the improved in situ absorption method is illustrated in comparison with that of the single-pass
perfusion in Figure 1.
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Figure 1. Schematic diagram of the experimental set-ups for the single-pass perfusion method and
the improved in situ absorption method. While a drug solution is perfused and an outlet perfusate is
sampled for the assessment of absorption in the single-pass perfusion (left); a drug solution is injected
into the gastrointestinal segment and plasma samples are used to assess the systemic absorption of a
drug in the improved in situ method (right).

The relative regional fraction absorbed (Fabs,relative) at each segment by the improved in situ
absorption model was calculated based on the AUC values obtained following the administration of
fimasartan into the segment of interest i:

Fabs,relative,i =
AUCi

AUCstomach + AUCduodenum + AUCsmall intestine + AUClarge intestine
(5)

Since the absorption occurs stepwise as drugs pass through the gastrointestinal tract from stomach
to the duodenum, small intestine, and large intestine, the dose available at each segment after oral
administration is reduced in the distal gastrointestinal tract. Therefore, the actual fraction absorbed in the
specific segment of the gastrointestinal tract (actual F′abs) was estimated by applying the fraction of the
dose arriving at the site of segment (Farrived). The Farrived at the segment of interest, i, was calculated as:

Farrrived, i = 1 − ∑ F′abs,i−1 (6)

F′
abs,i−1 is the actual fraction absorbed prior to the ith segment, which was estimated as:

F′abs,i−1 = Farrrived, i · Fabs,relative, i · f (7)

where f is a factor of 1.322, which allows the sum of F′
abs,i to become the average FX·FG,

the gastrointestinal bioavailability estimated by Equation (2).

2.6. LC-MS/MS

The fimasartan concentrations in rat plasma were determined by a previously validated liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method [6,26]. Briefly, an internal standard
solution (50 μL, BR-A-563 100 ng/mL in acetonitrile) and blank acetonitrile (200 μL) was added to
50 μL of the plasma samples and mixed on a vortex mixer for 1 min. After centrifugation of the mixture
for 10 min at 15,000× g, 100 μL of the upper layer was mixed with 100 μL of distilled water. A portion
(10 μL) was injected into the LC-MS/MS.

The LC-MS/MS instrument comprised an API 4000 mass spectrometer (Applied Biosystems/MDS
Sciex, Toronto, ON, Canada) coupled with an Agilent 1100 HPLC (Agilent Technologies, Santa Clara,
CA, USA). Fimasartan was separated on a Kinetex C18 column (50 × 2.10 mm i.d., 2.6 μm, Phenomenex,
Torrence, CA, USA) with a KrundKatcher ultra column inline filter (Phenomenex). The isocratic
mobile phase consisted of acetonitrile and 0.05% formic acid (40:60, v/v) at a flow rate of 0.2 mL/min.
The column oven temperature was set to 30 ◦C. The electron spray ionization (ESI) source was operated
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in a positive mode. The multiple reaction monitoring (MRM) transitions of precursor-to-product ion
pairs were m/z 502.7→207.1 for fimasartan and m/z 526.1→207.1 for the internal standard (BR-A-563).

The LC-MS/MS method was fully validated and the lower limit of quantification was 0.2 ng/mL
for rat plasma. The assay was linear over a concentration range of 0.2–500 ng/mL with correlation
coefficients of >0.999. The intra- and inter-day accuracy and precision ranged from 90.8% to 108.0%
and 2.4% to 13.4% for rat plasma.

2.7. Statistical Analysis

Data were presented as mean ± standard deviation (SD) unless otherwise stated. For comparison
between the two means of the unpaired data, an unpaired t-test was used. Comparisons among more
than two groups were performed using one-way analysis of variance (ANOVA) followed by Scheffe’s
post hoc test. Statistical significance was denoted when p < 0.05.

3. Results

3.1. Determination of Gastrointestinal Bioavailability (FX·FG)

The average plasma concentration–time profiles of fimasartan obtained following the intravenous
and portal vein injections of fimasartan are depicted in Figure 2. The noncompartmental
pharmacokinetic parameters of fimasartan are summarized in Table 1. Following the intravenous
injection, plasma concentrations of fimasartan showed a multiexponential decline with the mean
elimination half-life (t1/2) of 3.12–3.88 h. The initial concentration (C0) and the AUC values increased
with the dose increase. The plasma concentration–time profiles of fimasartan after the portal vein
injection declined with the mean t1/2 of 4.20–4.61 h, which is comparable with that observed after
the intravenous injection. However, the C0 and AUC obtained following portal vein injection were
significantly lower than that obtained following intravenous injection, which indicated that a significant
amount of fimasartan underwent hepatic first-pass metabolism.

Based on the AUC values after the intravenous and portal vein injections, the fractions of the
administered dose that escaped the first-pass metabolism in the liver (FH) were calculated as 46.63%
and 48.13% at doses of 0.1 and 0.3 mg/kg, respectively. The mean FH was estimated at 47.35% (Table 1).
Then, the gastrointestinal bioavailability (FX·FG) was estimated at 84.1% based on the absolute oral
bioavailability of fimasartan, which is 39.85% in rats [6], by using Equation (2).

Table 1. Noncompartmental pharmacokinetic parameters of fimasartan obtained after the intravenous
(I.V.) and portal vein (P.V.) injections of fimasartan in rats (mean ± SD).

Parameter
0.1 mg/kg 0.3 mg/kg

I.V. (n = 9) P.V. (n = 8) I.V. (n = 8) P.V. (n = 5)

t1/2 (h) 3.88 ± 1.61 4.61 ± 2.05 3.12 ± 0.38 4.20 ± 1.61
C0 (ng/mL) 1074.14 ± 339.75 385.35 ± 184.74 * 1922.84 ± 573.3 1068.57 ± 197.78 *

AUCall (ng·h/mL) 70.68 ± 19.96 30.26 ± 10.41 * 190.89 ± 51.04 82.55 ± 37.03 *
AUCinf (ng·h/mL) 74.96 ± 22.37 34.95 ± 11.89 * 198.92 ± 54.22 95.74 ± 41.52 *
CLs (mL/min/kg) 24.94 ± 10.89 57.17 ± 33.87 * 26.44 ± 5.7 61.84 ± 28.5 *

Vss (L/kg) 1.73 ± 1.1 10.39 ± 8.03 * 1.67 ± 0.48 9.71 ± 6.79 *
FH (%) 46.63 47.38

FX·FG (%) 85.46 82.79

* p < 0.05 vs. I.V. injection.

122



Pharmaceutics 2018, 10, 174

Figure 2. Plasma concentration–time profiles of fimasartan following the intravenous and portal
venous injections of fimasartan at doses of (A) 0.1 mg/kg (n = 8–9) and (B) 0.3 mg/kg (n = 5–8) in rats
(mean ± SD).

3.2. The Gastrointestinal Permeability of Fimasartan Determined by Using the Single-Pass Perfusion

The regional absorptions of fimasartan in the duodenum, small intestine, and large intestine were
evaluated by in situ single-pass intestinal perfusion. The absorption clearance (PeA) and the fraction
absorbed (Fabs) of fimasartan through the duodenum, small intestine, or large intestine after initiation
of the perfusion are shown in Figure 3. The outflow drug concentration reached the steady state within
1 h after the initiation of the perfusion. The steady-state PeA and Fabs were calculated based on Cin
and Cout at 90 min. The steady-state PeA and Fabs values of fimasartan in the different gastrointestinal
regions determined by the in situ single-pass perfusion method are shown in Table 2.
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Figure 3. Regional absorption clearance (PeA) and the fraction absorbed (Fabs) in the duodenum, small
intestine, and large intestine in rats by the in situ single-pass perfusion (n = 4, mean ± SD). PeA was
calculated by Q·ln(Cin/Cout), where Q is the perfusion rate, and Cin and Cout are the inlet and outlet
concentrations, respectively. Fabs was calculated by (Cin–Cout)/Cin.

Table 2. Absorption clearance (PeA) and fraction absorbed (Fabs) of fimasartan in different
gastrointestinal regions determined by single-pass perfusion (n = 4, mean ± SD).

Single Pass Perfusion Model

Absorption Site PeA (mL/min) Fabs (%)

Pe A = Qin · ln
(

Cin
Cout

)
Fabs, i =

Cin−Cout
Cin

Duodenum 0.0346 ± 0.0095 15.80 ± 3.95
Small intestine 0.0938 ± 0.0096 37.38 ± 3.00
Large intestine 0.0397 ± 0.0048 17.98 ± 1.95

PeA, absorption clearance at 140 min after the initiation of the perfusion; Fabs,i, fraction absorbed in the
gastrointestinal segment of interest.

The highest PeA value was observed in the small intestine followed by large intestine and
duodenum. The PeA value in the small intestine was 2.71- and 2.36-fold higher than those in the
duodenum and large intestine, respectively. The Fabs was also the highest in the small intestine,
indicating 37.38% of the administered dose into the small intestine was absorbed, which was 2.37- and
2.08-fold higher compared with those in the duodenum and large intestine, respectively (Table 2).
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3.3. Regional Absorption Fraction of Fimasartan Determined by Using the Improved In Situ Absorption Model

Plasma concentration–time profiles of fimasartan following the administration of fimasartan
(0.5 mg/kg) into the different gastrointestinal segments, i.e., stomach, duodenum, small intestine,
and large intestine, are depicted in Figure 4. The corresponding noncompartmental pharmacokinetic
parameters of fimasartan are summarized in Table 3.

Figure 4. Plasma concentration–time profiles of fimasartan following administration of fimasartan (0.5
mg/kg) into each gastrointestinal segment in rats by the improved in situ absorption model (n = 4–6,
mean ± SD).

Table 3. Noncompartmental pharmacokinetic parameters of fimasartan obtained after administration
of fimasartan (0.5 mg/kg) into specific gastrointestinal segments in rats (mean ± SD).

Parameter
Stomach

(n = 4)
Duodenum

(n = 4)
Small Intestine

(n = 4)
Large Intestine

(n = 6)

t1/2 (h) 3.42 ± 2.05 3.53 ± 1.54 4.30 ± 1.61 3.11 ± 0.88
Tmax (h) 0.13 ± 0.05 0.29 ± 0.14 * 0.13 ± 0.05 0.18 ± 0.06

Cmax (ng/mL) 18.58 ± 4.87 45.25 ± 30.75 194.25 ± 98.59 ** 68.37 ± 41.26
AUCall (ng·h/mL) 31.64 ± 13.75 108.31 ± 71.83 211.45 ± 76.44 ** 95.14 ± 63.69
AUCinf (ng·h/mL) 48.43 ± 19.10 135.22 ± 71.04 292.15 ± 67.81 ** 112.33 ± 69.84

* p < 0.05 vs. stomach and small intestine; ** p < 0.05 vs. stomach, duodenum and large intestine.

Following administration of fimasartan into the specific gastrointestinal segment, the fimasartan
concentration in the plasma rapidly increased, reached the peak concentration within 20 min,
and declined after that, regardless of the administration segment (Figure 4). The decline of the
fimasartan concentrations in the plasma also appeared to be parallel among the administration segment.
The estimated t1/2 of fimasartan was ranged from 3.11 ± 0.88 h to 4.30 ± 1.61 h, which were comparable
with the t1/2 obtained after the intravenous injection (Table 1). On the other hand, the maximum
concentration (Cmax) and AUC values of fimasartan were observed to be significantly different among
different gastrointestinal segments, in which fimasartan was administered. The administration of
fimasartan into the small intestine resulted in the highest overall plasma concentration (p < 0.05).
The highest Cmax was observed after the fimasartan administration into the small intestine followed by
the large intestine, duodenum, and stomach. The Cmax obtained after the small intestine administration
was 2.84-, 4.29-, and 10.45-fold higher than those obtained after the large intestine, duodenum,
and stomach administration, respectively. Similarly, the administration of fimasartan into the small
intestine segment also resulted in the greatest AUC values while the stomach administration resulted
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in the smallest AUC values. The AUCinf obtained after the small intestine administration was 2.60-,
2.16-, and 6.03-fold higher than those obtained after the large intestine, duodenum, and stomach
administration, respectively (Table 3).

The relative fraction absorbed (Fabs,relative) of fimasartan in the specific gastrointestinal region
was estimated based on the AUC values obtained after administration into the corresponding
gastrointestinal segment compared to the sum of AUC values (Equation (5)). The calculated Fabs,relative
of fimasartan in different gastrointestinal regions are shown in Table 4. The highest Fabs,relative of
49.7% ± 11.5% was obtained in the small intestine, indicating that the small intestine was responsible
for approximately 49.7% ± 11.5% of the fimasartan absorption in the gastrointestinal tract followed by
the duodenum (23.0% ± 12.1%), large intestine (19.1% ± 11.9%), and stomach (8.2% ± 3.2%).

The actual fraction absorbed (actual F′
abs) in a specific gastrointestinal region accounting for

the reduced amount of dose arriving in the gastrointestinal segment (Farrived) due to absorption at
the previous segment is summarized in Table 4. The sum of actual F′

abs was set to be the estimated
gastrointestinal bioavailability (FX·FG) of 84.1% (Table 1) and the factor (f) was 1.322. As shown in
Table 4, the actual F′

abs values were estimated as 10.9%, 27.1%, 40.7%, and 5.4% in the stomach,
duodenum, small intestine, and large intestine, respectively. The majority of the fimasartan dose
(67.8%) was predicted to be absorbed in the duodenum and small intestine. The results indicated that
10.9% of the orally administered fimasartan was absorbed in the stomach and the remaining 89.1%
arrived at the duodenum where 27.1% was absorbed. Then, 40.7% and 5.4% of the dose were absorbed
in the small intestine and large intestine, respectively (Table 4).

Table 4. Fraction absorbed (Fabs) of fimasartan in different gastrointestinal regions determined by the
improved in situ absorption model (n = 4, mean ± SD).

Relative Fabs,relative Farrived Actual F′abs

Absorption Site Farrrived, i =
AUCi

∑ AUCi
Farrrived, i = 1 − ∑ F′abs, i−1 F′abs,i = Farrrived, i · Fabs,relative, i · f

Stomach Fabs,relative,sto = 8.2 ± 3.2% 100% F′sto = 1·Fabs,relative,sto·ƒ = 10.9%

Duodenum Fabs,relative,duo = 23.0 ± 12.1% 1 − F′abs,sto = 89.1% F′duo = Farrived,duo·Fabs,relative,duo·ƒ =
27.1%

Small intestine Fabs,relative,SI = 49.7 ± 11.5% 1 − (F′abs,sto + F′abs,duo) = 62.0% F′SI = Farrived,SI·Fabs,relative,SIv·ƒ = 40.7%
Large intestine Fabs,relative,LI = 19.1 ± 11.9% 1 − (F′abs,sto + F′abs,duo + F′abs,SI) = 21.3% F′LI = Farrived,LI·Fabs,relative,LI·ƒ = 5.4%

Sum 100.0% - FX·FG = 84.1%

Fabs,relative, relative fraction absorbed in the gastrointestinal segment of interest; Farrived, fraction arriving at the
gastrointestinal segment of interest; F′

abs, actual fraction absorbed in the gastrointestinal segment of interest
corrected by the fraction arriving; f, factor = 1.332.

4. Discussion

The regional absorption of fimasartan in the gastrointestinal tract was evaluated by an improved
in situ absorption method in rats. The results were also compared with those determined by a
conventional in situ single-pass perfusion method. The improved in situ approach measured the
drug concentration in the plasma following the injection of fimasartan into a specific part of the
gastrointestinal tract (Figure 1) and provided an accurate assessment of the absorbed fraction of a drug
into the systemic circulation across the region of gastrointestinal tract after oral administration.

Before estimating the regional absorption, the gastrointestinal bioavailability (FX·FG) was
determined first based on the ratio of the AUC values following the portal vein and intravenous
injections. The FX·FG consists of the fraction absorbed (FX) and the fraction that is not metabolized
during passage through the gut wall (FG) [1]. The estimated gastrointestinal bioavailability (FX·FG) of
fimasartan was 84.1% in rats, whereas over 50% of the dose was eliminated by the first-pass metabolism
in the liver (Table 1). These results are in agreement with the previous studies, which indicated the
extensive fecal excretion of fimasartan because of the biliary excretion rather than a low gastrointestinal
absorption and an extensive absorption of orally administered fimasartan in the gastrointestinal
tract [6].

To estimate the regional absorption with the improved in situ absorption method, the relative
fraction absorbed in each gastrointestinal segment (Fabs,relative) was determined by using the AUC
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obtained after injection of fimasartan into the segment. Since absorption occurs sequentially along the
gastrointestinal tract, the actual fraction absorbed (F′abs) was finally estimated by applying the fraction
of dose available in each segment (Farrived). Our results indicated that the orally administered fimasartan
was absorbed in the stomach (10.9%), duodenum (27.1%), small intestine (40.7%), and large intestine
(5.4%) as the drug passed through the gastrointestinal tract, which added up to the gastrointestinal
availability (FX·FG) of 84.1% (Table 4). Although the Fabs,relative indicated that the absorption potential
of fimasartan of the large intestine was comparable with that of the duodenum, the actual fraction
absorbed in the large intestine (F′

abs) was much less than that in the duodenum. The F′
abs in the large

intestine was smaller because only 21.3% of the orally administered drug was available in the large
intestine due to the absorption in the stomach, duodenum, and small intestine before the drug entered
the large intestine. Taken together, in case of immediate release formulation, the majority of the orally
administered fimasartan (67.8%) was predicted to be absorbed in the duodenum and small intestine.
However, the comparable absorption potential of the large intestine (Fabs,relative,LI = 19.1% ± 11.9%) as
the upper part of the gastrointestinal tract (Fabs,relative,duodenum = 23.0% ± 12.1%) suggested that sufficient
absorption may be expected in the lower part of the gastrointestinal tract in case of extended release
formulation. For the development of extended release formulations, sufficiently high absorption of
the drug in both upper and lower parts of the gastrointestinal tract is needed to achieve the desired
therapeutic effects [21].

The regional absorption of fimasartan determined by the improved in situ absorption model was in
good agreement with that by the conventional in situ single pass perfusion technique (Figure 5). In both
methods, the highest absorption was predicted through the small intestine while the absorptions in
the duodenum and large intestine were similar. There were no significant differences between the
regional absorptions of fimasartan determined by the two methods in each gastrointestinal segment.
The results of the two methods were comparable, because the model drug in the present study,
fimasartan, may be minimally metabolized in the gastrointestinal tract. However, for drugs that
undergo extensive first-pass metabolism in the gut wall, the results may be different. As the single-pass
perfusion determined the disappearance of the drug in the perfusate, which is a net result of the
absorption and metabolic degradation as an indicator of drug absorption, it may overestimate the
absorption. On the contrary, the present improved in situ absorption model directly determined the
resulting plasma concentrations considering both intestinal permeability and metabolism, leading to
more accurate estimations of gastrointestinal bioavailability and regional absorption.

Figure 5. Comparison between the relative fraction absorbed (Fabs,relative) by the improved in situ
absorption model and the fraction absorbed (Fabs) determined by the single-pass perfusion (n = 4–6,
mean ± SD).
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Another advantage of the present improved in situ absorption method is that the drug was
injected into the specific part of the gastrointestinal lumen instead of perfusion, which represents a
more physiological absorption process. During perfusion, the gastrointestinal lumen is filled with
the perfusate, which may disturb the normal physiology of the gastrointestinal tract. Moreover, since
the lumen is filled with the drug solution, the drug absorption presumably occurs simultaneously
in the whole gastrointestinal tract. However, the real drug absorption in the gastrointestinal tract
in vivo is a sequential process along the gastrointestinal tract. In the improved in situ absorption
method, therefore, by injecting the drug solution into the starting point of the segment, gradually less
amount of drug would be applied to the gastrointestinal tract as the drug solution passes through
the gastrointestinal tract after injection, which is close to the real drug absorption condition without
disturbing gastrointestinal physiology.

In addition, the improved in situ absorption model has advantages compared to the single-pass
perfusion method in terms of the amount of the test drug compound needed. In the improved in situ
model, the drug is administered by a single injection into the region of interest, while the single pass
perfusion method needs perfusion of a drug until the steady state is reached. Thus, the improved in situ
absorption model requires less amount of drug than the single-pass perfusion. The characteristics of
the improved in situ absorption method are summarized in comparison with the single-pass perfusion
method in Table 5.

Table 5. Comparison of the improved in situ absorption method and the single-pass perfusion method
for evaluation of the regional absorption.

Single-Pass Perfusion Method Improved In Situ Absorption Method

Administration of a drug

• A segment of the gastrointestinal
tract is perfused with a
drug solution.

• Normal physiology of the
gastrointestinal tract may be
disturbed during perfusion.

• After filling the gastrointestinal
lumen with the perfusate, drug
absorption occurs simultaneously in
the whole gastrointestinal tract.

• A drug solution is injected into a
segment of the gastrointestinal tract.

• Normal physiology of the
gastrointestinal tract
would maintain.

• Drug absorption occurs sequentially
as the drug solution passes through
the gastrointestinal tract.

Estimation of the absorption

• The absorption is determined by the
difference between the drug
concentration in the perfusate
entering and that leaving
the segment

• Drug metabolism and degradation
are neglected.

• The absorption may be
overestimated for drugs that
undergo significant gastrointestinal
metabolism and degradation.

• The absorption is directly
determined by the area under the
plasma drug concentrations vs.
time curves.

• Drug metabolism and degradation
affecting plasma drug concentration
are comprehensively considered.

• More accurate gastrointestinal
bioavailability and regional
absorption could be estimated.

Amount of the test drug
needed

A significant amount of drug should be
perfused until reaching the steady state. Less amount of the drug is required.

A better understanding of the regional absorption of a drug provides useful insight for the
formulation development. The importance of good regional absorption characteristics, which is high
and similar absorption throughout the gastrointestinal tract, of a selected compound may be crucial for
the development of extended release formulations [27]. If the absorption is limited in the certain part of
the gastrointestinal tract, formulations that make a drug stay for longer time at the absorption site may
be designed to increase the absorption time, thereby improving the bioavailability. For example, drugs
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that are efficiently absorbed in the upper gastrointestinal tract may be formulated as gastroretentive
systems to improve oral bioavailability, where extended release formulations may not help.

In summary, a novel improved in situ absorption method was developed for the assessment
of regional absorption in the gastrointestinal tract by using fimasartan as a model drug. Instead of
measuring drug concentrations in the perfusate while a segment of the intestine is perfused with a
drug solution, this method measured the actual plasma drug concentration following the injection of
fimasartan into a specific part of the gastrointestinal tract. Thus, the present approach provides more
physiological and accurate assessment of the absorbed fraction into the systemic circulation across
the region of the gastrointestinal tract after the oral administration. The developed improved in situ
absorption model would provide a useful experimental strategy to understand the regional absorption
of a drug and a guide to developing new formulations with optimized oral bioavailability.
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Abstract: Oral solid drug formulation is the most common route for administration and it is vital to
increase knowledge of the gastrointestinal physiological environment to understand dissolution and
absorption processes and to develop reliable biorelevant in vitro tools. In particular, colon targeted
drug formulations have raised the attention of pharmaceutical scientists because of the great potential
of colonic drug delivery. However, the distal bowel is still a relatively understudied part of the
gastrointestinal tract. Recently, magnetic resonance imaging (MRI) has been gaining an emerging role
in studying the colon. This article provides a comprehensive; contemporary review of the literature on
luminal MRI of the colonic environment of the last 15 years with specific focus on colon physiological
dimensions; motility; chyme and fluids; transit and luminal flow. The work reviewed provides
novel physiological insight that will have a profound impact on our understanding of the colonic
environment for drug delivery and absorption and will ultimately help to raise the in vitro/in vivo
relevance of computer simulations and bench models.

Keywords: magnetic resonance imaging; MRI; large intestine; gut; large bowel; volume; transit;
motility; flow

1. Introduction

Oral solid formulations are the most popular way of drug manufacturing [1] and their dissolution
in the gastrointestinal (GI) environment is a determinant process of drug absorption [2]. Therefore,
it is key to improve understanding of GI dissolution processes as well as the factors that affect them
to enhance the efficiency of oral pharmaceutical forms. These factors are related to drug properties
(e.g., dose, pKa, solubility, diffusion coefficient, crystal form, permeability, particle size) and also to
the gastrointestinal conditions as well such as anatomical and physiological (liquid and non-liquid
contents, buffer capacity, pH, bile salts, flow, motility, transit, and membrane) characteristics [2,3]. It is
known that these characteristics continuously change throughout the GI tract, with some becoming
less favorable more distally except for pH, which generally rises [4].

Current animal models as well as in vitro and in silico biorelevant models predict inadequately
drug bioavailability because there are still “uncharted waters” in the field of drug absorption in the
GI tract [5,6]. Since the majority of the new drugs approved are delivered per os there is a need of
creating reliable predictive in vitro tools that not only reflect the complexity of the in vivo conditions
but that can also be applied throughout the whole manufacturing procedure of oral formulations [7].

The latest approach on improving drug manufacturing procedures and performance includes
designing and using biorelevant in vitro predictive techniques based on data acquired from in vivo
measurements. These techniques are believed to be the future for assessing drug absorption because
they are expected to cover the needs for a toolkit that prevents inaccurate discarding of drugs in the
preclinical phase, reduces the use of animals and human subjects and offers realistic evaluation of
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new, old, and controlled dosage forms during their development and quality control. To fulfil all these
requirements, the toolkit has to reflect the diversity and the complexity of the in vivo conditions [1,2].
Currently, despite all the previously developed biorelevant models there still exists a huge gap,
and therefore a potential, between the in vitro and in vivo correlations [3]. When it comes to oral
modified release formulations, the design of one representative predictive model that combines all
the determining in vivo conditions becomes even more challenging, due to the lack of knowledge
of the lower GI tract physiology. Formulations evaluation may remain inaccurate because of the
compromises that are made when existing tools are used [1–3]. It is proposed that the enhanced
evaluation of modified release formulations is going to derive from a toolkit that is going to reflect the
in vivo conditions that determine drug release [2].

The colon forms the distal part of the human gastrointestinal tract [4]. Colonic length and
diameter are estimated to be around 150 cm and 5 cm respectively [5]. Its absorbing surface area is
about 0.05 m2 and there are no villi. The anatomical regions from proximal to distal consist of the
cecum, the ascending colon, the transverse colon, the descending colon and the sigmoid colon [5].
As the rest of the GI tract, it is formed by an inner mucosal layer, where absorption and secretion occur,
the submucosal layer where nerves, lymphatics, and connective tissue are located, a smooth muscle
layer divided in the longitudinal and circular muscle and the outer serosal area [4]. Mucus is formed
in two layers in the colon and the inner one is 50–200 μm thick and strongly attached to the epithelium
compared to the outer one which is easily removable [6].

The colon’s primary function is to ferment food components and absorb water, vitamins and
electrolytes [4] whilst transforming the discarded material into faeces. Only little secretory activity
occurs [7]. Colon secretion concerns mostly potassium, water and bicarbonate [7]. Nerves exert
a significant role in controlling the colonic environment. Colonic activity is determined by the
enteric nervous system (ENS) which controls the smooth muscle and the mucosa, has autonomy,
and is responsible for transmitting colonic information to the rest of the body with its sensory and
motor neurons. Apart from the ENS, the colon is regulated by external nerves that belong to the
parasympathetic and sympathetic system and that are transmitters, too. Abnormal motor regulation
of the colon can also happen on abnormal epithelial permeability due to injuries, inflammation and
modified gene expression [4]. It naturally hosts the biggest part of human microbiota and therefore
has a huge role in the immune system and pathophysiology mostly by balancing host and microbiota
interaction with the mucosal barrier [8]. The GI tract, colon included, is a rather complex area to study
because of its multiple role (irregular motility, movement of the contents, and secretion) that interplay
with each other [9]. Understanding colonic physiology is pivotal for drug development because of its
role in both functional and non-functional diseases [8,9]. MRI is an attractive tool to explore the colonic
environment because of the absence of invasiveness and therefore the more biorelevant insights that it
can provide on undisturbed colonic physiology and pathology. In healthy and diseased subjects, MRI is
applied for the evaluation of gut motility, transit, and dislocation of its contents (liquid, non-liquid,
gaseous) which can be quantified during the same study session, thereby reducing the number of
possible appointments required and providing added value [9].

Pharmaceutical formulations that deliver the integrated drugs specifically to the site of the colon
are considered not only for the treatment of colonic diseases but also for alternative ways of delivering
active substances. The latter originates from the low enzymic and proteolytic activity of the site,
which allows the intact absorption of proteins and peptides, the higher local residence times and the
increased effectiveness of absorption enhancers in the large intestine. It is important though that the
colon-targeting oral formulations can protect the active substances until they reach the colon for the
delivery to occur and therefore it is vital to gain a better understanding of the physiology of the GI
tract [4,8]. Conditions in the colon differ significantly from the rest of the GI tract and colon-targeted
oral forms should be designed and tested on tools that reflect in vivo conditions, e.g., colon residence
time which can be more than 24 h. In the early phase of drug assessment, colon-targeted drug
formulations should be developed also using in vitro and in silico techniques designed on relevant
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in vivo data, and for this to happen deeper knowledge of colon physiology is needed. These tools
could provide enhanced accuracy and reduce costs. So far, the applied in vitro tests are conventional
and exclude important characteristics such as colon volumes and hydrodynamics [1,10].

Whilst knowledge of the upper GI tract is improving, the lower GI tract remains much less
explored, partly because of the difficulty of access under physiological, undisturbed (unprepared)
conditions [7]. Imaging techniques have the potential to enrich the current knowledge by providing
new non-invasive insights on the undisturbed GI tract, with the real-time assessment of the
physiological environment surrounding drug products until they reach the blood or lymphatic
stream [6,9].

The most common imaging techniques in the medical field are based on X-rays (e.g., computed
tomography), ultrasound and radionuclides (gamma scintigraphy), endoscopy, and magnetic
resonance imaging (MRI) [6]. Computed tomography and gamma scintigraphy provide a
radiation dose, which is undesirable and endoscopy is invasive and requires unphysiological bowel
preparation [6,10,11]. The application of ultrasound techniques in the in vivo assessment of oral
dosage forms is not common because of the small field of view and the adverse effect of the presence
of gas on ultrasound waves propagation [6]. MRI has been emerging as a unique alternative to the
limitations of the imaging methods mentioned above [9] and has been gaining increasing attention in
the pharmaceutical field [11–20]. MRI is non-invasive and based on radio frequency waves, therefore
it does not provide an ionizing radiation dose. It offers good image quality with excellent soft tissue
contrast. Multiple parameters can be acquired during the same study day using a variety of techniques
(for example cine, dynamic, tagging). MRI also carries limitations, such as the unsuitability for subjects
who may have metal implants such as cardiac pacemakers or infusion pumps [11], has a high cost
of instrumentation (though the cost of a scan is limited compared to other invasive techniques), it is
motion-sensitive and carries a burden of data processing [6,12,19,21–26].

MRI has been applied for the study of functional GI diseases (irritable bowel syndrome, functional
dyspepsia) and also other bowel diseases such as Crohn’s, scleroderma and colorectal cancer.
One limitation is the need to standardize the methods and compare against gold standards [1].
More specifically, MRI has been used as an additional tool to assess the impact of mesalazine
administration in the treatment of diarrhoea-predominant irritable bowel syndrome by quantifying
the small bowel water content and using these data as an indicator for intestinal tone [12]. In the case
of Crohn’s disease, MRI has been suggested as a tool for the follow-up of the disease while antibody to
tumour necrosis factor (anti-TNF) is administered to patients [13,14]. MRI has been validated against
endoscopy with good correlation between the two techniques and is considered to be reliable to assess
the effect of anti-TNF on the disease state [14]. MRI has been also considered and tested in colon cancer
assessment [15–17]. MRI application in staging of advanced colorectal cancer was evaluated against
histopathological staging and it was found to be reliable in assessing T3-T4 colorectal cancer [15].
MRI has gained a role also in the assessment of liver and hepatic metastases from colorectal cancer as
well as for the colon mucosal layers, including the potential for colon cancer staging [16,17].

Over the past 15 years, MRI has become an emerging tool for pharmaceutical sciences and it
is timely to review its contribution to investigate the most unexplored area of the gastrointestinal
tract. This review is a comprehensive summary of MRI of colon function in terms of dimensions,
chyme and fluid characteristics, motility, transit and flow, and it highlights the application of MRI in
understanding these key factors of the large intestine that determine oral drug bioavailability.

2. Colon Anatomy and Physical Dimensions

The data on colon organ geometric, physical dimension is scarce and mostly based on
prepared bowel or post-mortem measurements [18]. MRI is uniquely suited to measure body organ
three-dimensional shape and dimensions. These investigations can be very helpful to understand
better the space to which drug products are delivered.
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The segmental diameters of the colon were measured in 12 healthy volunteers as part of a study
assessing the effects of administration of senna tea and erythromycin on the gut environment [19].
The minimum ascending colon diameter in response to senna tea and erythromycin was 3.48 cm and
3.4 cm respectively whereas the maximum one was 3.83 cm and 3.74 cm respectively. In the segment
of the transverse colon the minimum values were 3.38 cm and 3.31 cm while the maximum ones were
3.49 cm and 3.48 cm respectively. Lastly, the minimum respective results for the descending colon
were 2.83 cm and 2.77 cm while the maximum ones were 2.93 cm and 2.89 cm respectively.

Food effects can change the volume of this organ substantially. Ascending and transverse
colon diameters were also measured by MRI in 16 healthy subjects who were fed 40 g of either
glucose, fructose or inulin diluted in 500 mL of water or a mixture of 40 g of glucose and 40 g of
fructose [20]. Fructose is malabsorbed in the bowel and was expected to increase fluid inflow to
the colon; inulin ferments in the colon and was predicted to increase colonic gas volume. Indeed,
colonic gas rose up to higher levels (as assessed by calculating the AUC from the volume versus time
plots, yielding mean (95% CI) values of 33 (20) L·min) on inulin consumption rather than glucose and
glucose-fructose scheme (both p < 0.05). At t = 255 min after fructose administration compared to
glucose caused a larger diameter increase in the transverse colon (30% (43%) and 8% (21%) respectively).
This effect was more evident in this segment rather than in the ascending colon where the biggest
change took place at t = 75 min (18% (20%) and 4% (26%) respectively).

The role of lactulose ingestion (10 g diluted in 200 mL of water) on the intestinal environment
was evaluated in healthy participants (n = 16) and patients with irritable bowel syndrome (IBS, n = 52
in total) in fasted and fed conditions [21]. During the study, MRI was used to assess the diameter of
the large intestine as well. Overall, this study concluded that lactulose decreased the diameter of the
ascending colon possibly due to the dysfunctional ileocecal region of IBS patients. Lactulose ingestion
decreased significantly the ascending and transverse colon diameter of the diarrhoea predominant
IBS (IBS-D) subjects compared to the healthy ones (p = 0.020 and 0.045 respectively). At the same
time, it caused a distension in the descending colon of all groups (all IBS p = 0.014, IBS-D p = 0.03,
constipation predominant IBS or IBS-C p = 0.006 and healthy p = 0.014) except for the mixed IBS or
IBS-M subgroup where it reduced its diameter (p = 0.043).

A different study estimated the length of the lower intestine and rectum [22] using a novel tracking
system (Motilis Medica SA, Lausanne, Switzerland) which consists of electromagnetic capsules that
can be detected while they travel through the gastrointestinal tract and compared this to the findings
from MRI scanning, which could not be performed at the same time. The length of the whole organ
was assessed in 25 healthy subjects. The length was 95 (75–153) cm as measured by the electromagnetic
capsule tracking system method and 99 (77–147) cm as measured by MRI, p = 0.15 (CV% = 7.8%).
The MRI-measured length of the cecum/ascending colon was found 26% (p = 0.002) smaller than for
the capsules method possibly to higher retention times of the capsules in this segment but this was the
only significant difference between the two techniques (all p > 0.05). More specifically, MRI assessed
the length of ascending, transverse, descending and rectosigmoid colon as 16 ± 23.5 cm, 27.8 ± 5.4 cm,
23.7 ± 4.1 cm, and 27.8 ± 11.2 cm respectively and electromagnetic capsule findings were 22.0 ± 7.5 cm,
28.4 ± 4.7 cm, 24.0 ± 7.4 cm, and 24.7 ± 8.7 cm respectively. Figure 1 displays an image of the whole
abdomen for colonic length determination acquired by MRI.

3. Colonic Motility

Motility in the colon is erratic. Inter-individual and intra-individual variability can also affect the
residence times in each segment of the colon, which in turn could influence oral drug bioavailability.
Applications of MRI to study the colonic motility patterns are recent and expanding. MRI has
the advantage of requiring no unphysiological bowel cleansing, which is instead required for
manometric studies.

The bowel motility response to senna tea and erythromycin were measured in 12 healthy subjects
by identifying the intestinal diameter of the various segments [19]. Senna generated a significant
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rise in the peristalsis of the ascending and descending colon. Specifically, senna caused, on average,
71.6% significant modifications in the ascending colon, 80% in the transverse colon, and 55% in
the descending colon whereas erythromycin caused 60%, 46.67%, and 60% respectively. The mean
difference of the percentage of the significant modifications was 13.31%.

The intestinal motion activity was also studied by the application of multi-nuclear 19F and 1H
MRI in two healthy subjects who were administered one 19F capsule on study day 1 and two others
with 300 mL of water on study day 2 and each time a meal and a commercial fibre drink was used
for bowel distension [23]. On study day 1, the investigators identified high local bowel motion.
The estimated forward velocity for subject A was 0.27 mm/s and for subject B 0.38 mm/s and the
mean capsule velocity was 1.0 mm/s and 1.0 mm/s respectively for a total travel length of 3.15 m
and 2.34 m respectively. On study day 2, the dual system allowed the identification of three different
pendular types of motility at the first 10 min. These kinds were described as slow pendular (duration
of 0–2.5 min, frequency of 1/20 ± 5 s), quiescence period (2.5–5 min) and a mixture of fast and slow
pendular movements.

A different study used 10 mg of bisacodyl in order to create high amplitude propagated pressure
waves (HAPPWs) in 10 healthy volunteers and assess them by manometry and cine-MRI at the same
time over 24 min [24]. Overall, 11 HAPPWs were assessed by both techniques mostly 9–16 min
following bisacodyl stimuli with a mean value of 63.5 mmHg. There was the case of three subjects
were MRI identified three contractions which were not visible by manometry (‘negative contractions’).
The authors suggested that the technique of cine-MRI is capable of bowel motility measurements and
these measurements were in accordance with pressure changes assessed by the manometry.

The effect of ingestion of PEG electrolyte on the intestinal movements was studied in 24 healthy
subjects [25]. They were divided into two equal groups who ingested a split dose of either 1 L the day
before the MRI study day and the other 1 L on the MRI study day or a single dose of 2 L on the MRI
scanning day. This study revealed that both dosing regimens had positive results but the single larger
dose ascending colon movements caused twofold compared to the split dose (p = 0.0103). The positive
changes in motion were correlated with ascending colon volumes (Spearman’s r = 0.53, p = 0.0128).

In a different study, a cine-MRI technique was developed for intestinal motility assessment and
applied to four healthy subjects and eight possible IBD patients before and after intravenous injection
of butylscopolamine [26]. In healthy volunteers, butylscopolamine reduced intestinal motion by (mean)
59% (p 1/4 = 0.171). Specifically, before the butylscopolamine injection, the mean score of the motility
assessment in each volunteer was 910, 1605, 1860, and 5492 (mean 2467) and after the injection 524,
1057, 885, and 1557 (mean 1006). Mean difference was estimated to be 1461. Regarding the IBD patients,
the investigators were able to identify the inflamed parts of the gut because of their reduced activity.
The mean motility values of the maximum map were 15914, 4546, 5574, 9005, 8379, 8552, 7013, and 7637
and the respective ones of the mean map 5958, 1867, 2041, 3381, 3281, 3359, 2678, and 3385.

In another study, the impact of the laxative Moviprep on gut motion was assessed in 48 subjects
(24 subjects with functional constipation or FC and 24 with IBS-C) [27]. The ascending colon motility
index for subjects with FC was (mean (SD)) 0.055 (0.044) significantly lower than the one for IBS-C
patients which was 0.107 (0.070) (line analysis 0.5 mm/s index), p < 0.01. After the Moviprep
administration to the FC group, the required time for the first intestinal movement was (median
(interquartile range)) 295 (116–526) min bigger than that for the IBS-C group which was 84 (49–111)
min, p < 0.01. This first intestinal movement time was associated with the volume level in the ascending
colon at that time (2 h) (higher volumes in the ascending colon caused delayed first bowel movements).
Patients were considered to suffer from FC and not IBS-C when the required minutes for the first
intestinal movement are above 230 (cut-off point, 55% sensitivity but 95% specificity). Considering the
impact of Moviprep on intestinal movements, the FC group experienced a smaller intestinal activity
for the first 24 h than the lower standard limit (6 movements) with the average number being 2–5
compared to the IBS-C average movement number which was 6–10, p < 0.01.
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Figure 1. Motility assessment by the cine MRI technique. The figure depicts overlay (red/blue) of
standard deviation of Jacobian. Reproduced from [28], Blackwell Publishing LTD, 2015 with permission.

The motion of the ascending colon wall was also evaluated by MRI in 23 healthy subjects before
and after a laxative stimulus [28]. The stimulus was provided by two different types of macrogol drinks.
Eleven subjects ingested 1 L of macrogol whereas the remaining twelve drank 2 L. The team was able
to identify the following five types of contractions—segmental antegrade, segmental retrograde, whole
ascending colon antegrade and retrograde, and large amplitude contractions—and display them as a
movie as they come from a cine database. The large amplitude contractions were simultaneous (<20 s
on average) but affected the diameter of the whole gut. In most of the cases, these movements were
followed by distension as well. A representative image of the motility assessment of this study is
shown in Figure 1.

4. Colonic Chyme and Fluid

The appraisal of chyme characteristics and of water volumes in the colonic region has been
a difficult task. This organ is poorly accessible in the physiological unprepared state but water
distribution is a key determinant for oral drug absorption. Since standard MRI images are based
on water hydrogen proton imaging, MRI could provide unique insights in the colonic undisturbed
physiological chime and fluid state. MRI sequences typically used for cholangiopancreatography
studies collect high signal from freely mobile fluids, which have long transverse relaxation time T2.
T2 is one of the standard time constants of the MRI phenomenon and it is linked to water mobility.
These MRI sequences are ideal to identify pockets of fluid in the body though signal from less fluid
(‘thick’) components such as mucous are lost.

In a landmark study, the intestinal water distribution was estimated in 12 healthy subjects who
consumed non-disintegrating capsules in fasting and fed conditions [29]. It was concluded that food
ingestion had minimum effect on colonic water volumes (13 ± 12 mL) but increased the number of
colonic pockets from 4 to 6 (p < 0.005). More specifically fasting inter-subject variability of colonic
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volumes was high (1–44 mL) and water pockets were mainly located in the cecum, ascending colon
and descending colon with total capacity of (median) 2 mL. This variability remained high after the
meal consumption too (2–97 mL) which caused increase in the number of water pockets (p < 0.005) but
did not affect their volume capacity ((mean) 1 mL).

The intestinal freely mobile water content was also assessed in 18 healthy subjects who were
administered mannitol as a model of secretory diarrhoea and capsules of placebo or loperamide or
loperamide and simethicone at the same time [30]. MRI following the placebo intervention showed
an increase in the water distribution in the ascending colon 45 min following the mannitol ingestion.
On the contrary, at first (0–135 min) the other two active interventions caused the ascending colon water
distribution to be reduced by more than 40% (p < 0.004). Later on (135–270 min), placebo behaved
the same way as loperamide whereas, at the same time, loperamide combined with simethicone
decreased the ascending colon water. MRI images of the placebo administration showed the presence
of 6.9 ± 1.3 mL of water in the ascending colon similar to loperamide administration (6.8 ± 1.5 mL)
and loperamide plus simethicone (4.5 ± 0.9 mL).

Additional MRI parameters that can be measured by MRI are the longitudinal relaxation time
T1 and the transverse relaxation time T2. As already mentioned above, the relaxation times are
fundamental time constants of the magnetic resonance environment of the water in the chyme, and are
related to water mobility and the thickness of the colonic chime, whereby longer relaxation times
generally relate to more liquid, less thick material. Use of the T2 relaxometry was explored in the
mannitol/loperamide study mentioned above [30]. Loperamide and loperamide plus simethicone
resulted in significantly lower T2 values than for placebo. Specifically, at a magnetic field of 1.5 T,
at t = 90 min T2 values were 79 ± 4 ms, 67 ± 6 ms vs. 144 ± 28 ms (both p = 0.001) respectively and at
t = 180 min loperamide plus simethicone resulted in T2 values of 130 ± 22 ms vs. 82 ± 6 ms
for the placebo (p = 0.01). T1 and T2 relaxation time were also used in a study of ispaghula
supplementation [31]. In the group of the healthy volunteers, again at a magnetic field of 1.5 T, T1 of
the ascending colon was 720 (572–904) ms, 690 (594–911) ms, and 966 (67–1093) ms on maltodextrin,
psyllium 10.5 g/d and psyllium 21 g/d intervention respectively. T1 of the descending colon was 440
(352–884) ms, 570 (473–700) ms, and 763 (575–985) ms respectively. T1 constant of the ascending colon
of patients was 509 (472–670) ms and 890 (478–1030) ms on maltodextrin and on psyllium intervention
while T1 of the descending colon was 213 (176–420) ms and 590 (446–1338) ms respectively. Respectively
the T2 values in the ascending colon of the healthy group were 70 (56–72) ms, 73 (62–86) ms, and 83
(67–88) ms and T2 in the descending colon were 53 (40–67) ms, 54 (45–70) ms, and 74 (56–80) ms.
The T2 of the patients’ ascending colon was 58 (42–73) ms on maltodextrin and 72 (51–105) ms on
psyllium, while the respective values for the descending colon were 42 (34–52) ms and 66 (54–86) ms.
Also, in a study of kiwifruit supplementation [32], the AUC (in seconds×minute units of measure)
of the T1 constant of the ascending colon was 356 ± 109 on kiwifruit intervention and 291 ± 110 on
control at time = 0–420 min whereas the AUC of the T1 from 240 to 420 min was 137 ± 39 and 108 ± 40,
respectively. For the descending colon, the respective values were 216 ± 120 and 203 ± 114 from 0–420
min and 96 ± 50 and 87 ± 52 from 240–420 min. This initial body of work shows the absolutely unique
ability of relaxation times measurements to detect changes in the properties of the colonic chyme in
response to intervention without using invasive procedures.

The effect of per os PEG electrolyte in two dosing regimens (single of 2 L and split of 1 L twice) on
colonic expansion was evaluated in 12 healthy volunteers [25]. They found out that the larger single
dose had a higher positive impact in the total volume of the large intestine (102 ± 27%, range: 9–289%)
than the split dose (35 ± 8%, range: 0–81%), p = 0.0332. The formulation affected mostly the ascending
(single dose caused a greater increase, p = 0.0099) and the transverse colon rather than the descending
colon (because of the defecation of the subjects the researchers assumed that it had passed through
that region). The effect of the PEG dosing scheme on colonic water content is shown in Figure 2.
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Figure 2. MRI quantification of water colonic content of one volunteer after ingestion of a single 2 L PEG
electrolyte scheme. (A,B) concern fasting baseline conditions. White colour stands for water presence
and black colour for water absence. In (B), water was found in the small bowel and the stomach
(limited resting fluid) but not in the transverse colon. (C–F) conditions appear immediately after the
ingestion of the 2 L PEG dose and therefore in (D) water was found in the stomach, the cecum and the
transverse colon while (F) is a posterior image and represents water appearance in the ascending and
descending colon. Reproduced from [25], Blackwell Publishing LTD, 2014 with permission.

A different study quantified the gut segmental liquid presence in 25 IBS-D patients and 75 healthy
volunteers in the fasted and in the fed (rice pudding) state [33]. The team found out that the fasted
segmental volume in both groups was similar and specifically in healthy control group ascending
colon volume was estimated 203 ± 75 mL, transverse colon volume 198 ± 79 mL and descending
colon volume 160 ± 86 mL while from IBS-D patients 205 ± 69 mL, 232 ± 100 mL and 151 ± 71 mL
respectively. On the contrary, food effect was not the same for the two study groups. As far as the
healthy group is concerned, post feeding, through a higher ileo-colonic activity 10% expansion of the
ascending colon content occurred and later (90–240 min) the last parts of the meal induced a smaller
expansion in the same region. In the case of the IBS-D patients, feeding resulted in a smaller increase
of the ascending colon volume and later (t = 90 min) a greater transverse one. A detailed MRI image of
the colonic anatomy can be found in Figure 3.

The segmental and whole intestinal chyme content were studied in 25 healthy subjects [34].
This study also assessed variability between different study days. In addition, they also performed
MRI in another seven healthy volunteers before and after defecation as they used stool volumes as a
mean to validate the changes in colon volumes. Regarding the intestinal volumes on the two different
scanning days, no significant overall or segmental change was detected (p>0.05) as overall volume
was reported to be 760 mL (662–858) and 757 mL (649–865) on each observation. More specifically,
on scanning day A the volume in the cecum/ascending colon was 177 mL (147–208) while on scanning
day B 186 mL (159–212). In the same way, in the transverse colon it was estimated 192 mL (159–226)
and 197 mL (155–240), in the descending colon 133 mL (110–157) and 193 mL (111–168) and in the
rectosigmoid colon 257 mL (213–302) and 235 mL (193–277) respectively. The impact of defecation on
regional volume distribution was only significant in the case of the rectosigmoid colon with 329 mL
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(248–409) before and 183 mL (130–236) after faecal excretion. In each other case, water volume in the
cecum/ascending colon was 208 mL (167–248) and 198 mL (154–242), in the transverse colon 171 mL
(100–242) and 173 mL (109–237) and finally, in the descending colon 185 mL (153–217) and 171 mL
(129–212). Total intestinal water volume was reported 892 mL (723–1062) and 726 mL (635–816) prior
and after defecation.

 

Figure 3. MRI images for colonic anatomy. (A,B) are different out of phase and in phase water and fat
dual-echo imaging and (C) is a 3D reconstruction. Reproduced from [33], Blackwell Publishing LTD,
2013 with permission.

A different study of gut water quantification in 18 healthy volunteers focused on the effect of
stress caused by IV administration of corticotrophin releasing hormone (CRH) and cold water hand
immersion on the intestinal environment [35]. The volunteers were divided in two groups and were
fed a standard test meal (rice pudding). After the comparison of the saline and the CRH arms of the
study, it was found that CRH injection expanded the intestinal water presence from (mean AUC (SD))
46,227 (10,927) to 49,817 (10,770), ANOVA p = 0.002. Comparison of ice water immersion to warm
water immersion revealed no differences with the corresponding values being 48,991 (17,501) and
48,964 (16,950) respectively, p = 0.730. The consumption of the meal did not increase significantly the
ascending colon water volume (t = 0–45 min) only on CRH injection (15 (32) mL, p = 0.3). On saline
injection, warm immersion and ice immersion water volume increased significantly (16 (32) mL,
p = 0.040, 33 (51) mL, p = 0.020, 22 (27) mL, p = 0.005 respectively). Transverse water volumes were
only significantly affected (decreased) only on water immersion (p = 0.0107). Water distribution in the
descending colon was unaffected in any case.

The regional colonic water was studied in four healthy subjects finding that the median
(interquartile range) of total colon volume was 819 mL (687–898.5). Regarding each segment,
the volume of the ascending colon was determined as 200 mL (169.5–260), the volume of the transverse
200.5 mL (113.5–242.5), the descending 148 mL (121.5–178.5) and in the final part of the colon
(sigmoid-rectum) 277 mL (192–345) [36].
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A different study investigated how gluten affects the colonic volume and gas in 12 healthy
subjects [37]. Fasted colonic volume in total after gluten-free bread (GFB) diet was (mean ± SEM)
748 ± 258 mL, after normal gluten content bread (NGCB) 659 ± 291 mL and after added gluten content
bread (AGCB) 576 ± 252 mL. Segmental respective volumes were estimated as following: ascending
colon 250 ± 119 mL, 256 ± 149 mL, 224 ± 128 mL, transverse colon 289 ± 95 mL, 212 ± 73 mL,
178 ± 86 mL, and descending colon 209 ± 73 mL,187 ± 92 mL, and 172 ± 77 mL. Statistical differences
were only detected in the case of the volume of the transverse colon which was higher after the GFB
diet compared to NGCB and AGCB diets (p = 0.02).

The effect of a laxative PEG electrolyte formulation on gut volumes was studied in 24 patients
with functional constipation and 24 with IBS-C [27]. Baseline measurements in the fasted state revealed
higher ascending colon content in the FC group (mean (SD) 314 (101) mL) when compared to the
IBS-C group (226 (71) mL, p < 0.001). The same applied to the overall colonic volumes which were
847 (280) mL and 662 (240) mL, respectively (p = 0.03). Similar differences existed in the volumes of
the ascending colon 120 min after the PEG electrolyte ingestion which were 597 (170) mL and 389
(169) mL respectively (p < 0.01) and the total large intestinal volumes 1505 (387) mL and 1039 (418) mL
respectively (p < 0.01) at the same time.

The impact of the co-administration of fructose and corticotropin-releasing factor (CRF) or saline
on the intestinal water was studied in a healthy group of 11 male and 10 female volunteers [38]. On the
CRF arm of the study, the baseline of the ascending colon water volume was 210 ± 77 mL (t = −45 min)
and after the administration of the fructose meal the volume rose to 270 ± 109 mL. This increase
was more intense (29%) compared to the saline effect (12% rise) where the volume was measured
226 ± 74 mL and 252 ± 83 mL respectively. The study showed higher ascending colon water in men
than in women only in the case of CRF administration.

The effect of oxycodone administration on the regional gut water distribution of healthy subjects
was also characterised [39]. The researchers evaluated the segmental intestinal volumes in two arms
(oxycodone and placebo) and in two different days (day 1 and day 5). On oxycodone, there was a
volume rise in caecum/ascending colon mean (95% confidence interval) from day 1 (177 (147–208)
mL) to day 5 (249 (209–291) mL), p = 0.005 (statistically significant), in transverse colon from 192
(159–226) mL to 230 (190–270) mL, p = 0.005 (statistically significant) respectively and in descending
colon from 133 (110–157) mL to 153 (132–175) mL (p = 0.08) respectively. On the contrary, there was a
non-significant decrease in the rectosigmoid colonic volume from 257 (213–302) mL to 249 (213–284)
mL respectively (p = 0.64) but overall oxycodone affected positively the total large intestinal volume
(760 (662–858) mL to 881 (783–979) mL respectively, p = 0.008 (statistically significant)). The placebo
ingestion lead to a rise in the caecum/ascending colon volume from 186 (159–212) mL in day 1 to 211
(184–238) mL in day 5 (p = 0.03, statistically significant) and in rectosigmoid colon volume from 235
(193–277) mL to 244 (200–288) mL respectively (p = 0.06). At the same time there was a decrease both
in transverse colon volume from 197 (155–240) mL to 183 (152–213) mL respectively (p = 0.57) and in
descending colon volume from 139 (111–168) mL to 121 (101–142) mL respectively (p = 0.07). Overall,
the placebo administration scheme did not affect significantly the total large intestinal volume (757
(649–856) mL to 759 (670–848) mL respectively, p = 0.26).

The intestinal liquid and non-liquid content was also evaluated in 10 healthy volunteers
in regards with high- and low-residue diets, meals and faecal output [40]. Low-residue diet
affected positively the non-gaseous content in the right region of the colon which climbed up to
41 ± 11 mL 4 h following the meal ingestion compared to fasted state (−15 ± 8 mL; p = 0.006
vs. fed). A significant reduction on the non-gaseous content caused by the faecal output
was only present in the distal intestine. As far as the meal effect on the colonic contents is
examined, non-gaseous colonic content had escalated only in the proximal intestine (by 37% ± 14%,
p = 0.007) in the case where subjects underwent a fasting scan and a second scan 4 h following the
meal ingestion. Generally, the gas content had risen (by 31% ± 14%, p = 0.064). In the fasted state,
there was no reduction in the non-gaseous content 4 h after the first scan (−29% ± 11%, p = 0.040).
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The administration of the meal (fed state) had a statistically significant effect (increase) only in the
volume of chyme excluding gas (p = 0.006 vs. fed). Faecal output lowered the gas volume as well
as the non-gaseous (p < 0.001) in the whole intestine and the biggest change was in the pelvic colon.
This output consisted the 38% ± 5% of the chyme, excluding gas.

The segmental water volumes were also measured as a part of a study of 34 healthy subjects
and 30 patients with IBS-D, 16 with IBS-C and 11 with IBS-M in the fasted and the fed state (using
a rice pudding, strawberry jam, wheat bran, and orange juice test meal) [41]. At t = 45 min, in the
fasted state, colonic volume of the ascending solon was estimated (median (interquartile range)) 194
(150–234) mL in the healthy group, 217 (191–268) mL in the IBS-C group and 209 (147–248) mL in the
non-constipated IBS or IBS-nonC group respectively. Respectively, the transverse colonic volume was
165 (117–255) mL, 253 (200–329) mL, and 198 (106–248) mL and the reduced volumes in the IBS-C group
were the only ones to be considered as statistically significant (p = 0.02). For the descending colon,
the respective values were (mean (SD)) 143 (61) mL, 153 (47) mL and 114 (52) mL when the overall
intestinal volume was found 513 (174) mL, 644 (148) mL, and 498 (175) mL respectively. Postprandially,
at t = 0, the volumes in the ascending colon increased slightly in every group apart from the IBS-D
group but not significantly and then decreased in all groups. When transverse colon is concerned,
volume were unchanged at first but increased at t = 180 min reaching a significant high state at t = 405
min (compared to the healthy group, p = 0.04) but generally unaffected compared to fasting transverse
volumes at t = −45 min of IBS-C and IBS-nonC group. Overall, the intestinal volumes were higher in
IBS-C than in IBS-nonC.

The effect of consuming glucose, fructose and inulin on intestinal water volumes was evaluated
in 29 healthy volunteers and 29 IBS patients [42]. In the healthy group, glucose ingestion caused a
reduction in the total colonic volume (mean (±SEM)) of 20.9 (15.7) mL whereas fructose and inulin
increased it about 50.8 (16.2) mL and 136.8 (17.6) mL on average respectively. Regarding the patients’
group, glucose affected the gut volume the least causing a slight rise of 3.8 (11.4) mL while fructose
and inulin caused a bigger rise of 58.5 (20.3) mL and 129.6 (19.9) mL respectively. The researchers
concluded that intestinal volume was primarily affected by fructose and inulin rather than glucose in
both groups.

A different study estimated the timeline of total and segmental unbound water in terms of
volume and number of liquid pockets (Figure 4) in the large intestine of 12 healthy volunteers after the
administration of 240 mL of water being the first team to conduct this kind of study [43]. They found
that the number of bound colonic water pockets water in the fasted state were 11 ± 5 mL and each of
them contained approximately 2 ± 1 mL in total. 30 min after the water ingestion the colonic liquid
reached the peak of 7 ± 4 mL divided in 17 ± 7 pockets. By time, the number of the liquid pockets
and their volumes decreased but, one hour later, only the amount of the colonic pockets peaked again
(17 ± 7) while their volumes remained in lower levels (3–4 mL). The team reported that there was a
high variability regarding the number of the pockets (0 to 89) and the total unbound colonic water
(0 to 49 mL). They also reported that the main site of the freely liquid was the ascending colon.

The colonic water distribution was also evaluated as part of a study of the effect of macrogol on
large bowel flow of 11 healthy and 11 constipated volunteers [44]. Baseline scanning revealed very little
water content and no significant differences between the healthy and the constipated subjects (2 (0–7)
mL and 11 (1–29) mL respectively, p = 0.16). At t = 60 min, macrogol boosted significantly the water
volumes in both healthy (140 (104–347) mL, p = 0.001) and constipated (228 (91–259) mL, p = 0.0039,
(Wilcoxon ranked pairs test)). 120 min following the macrogol administration, the ascending colon
unbound water content was still significantly high in both groups (healthy: p = 0.002 and constipated:
p = 0.0039) but it had decreased in the patient group where it was found 84 (3–195) mL compared to
control group [146 (32–227) mL].
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The regional and total bowel water was assessed in 9 healthy subjects and 20 constipated patients
on maltodextrin (placebo), 10.5 g and 21 g of psyllium [31]. In both groups, in the fasting state colonic
volumes were risen from (median (interquartile range)) 372 (284–601) mL to 578 (510–882) mL in
healthy controls and from 831 (745–934) mL to 1104 (847–1316) mL in patients by the administration of
7 g of psyllium (p < 0.05). The ascending colon water was (median (interquartile range)) 0.2 (0.1–0.6) mL
in the maltodextrin intervention, 4.0 (2.4–7.0) mL and 7.4 (2.8–16.5) mL in the 10.5 g/d and 21 g/day
psyllium intervention respectively in the healthy group whereas in patients group it was estimated
0.13 (0.01–0.66) mL on maltodextrin administration and 3.41 (0.10–7.69) mL on 21 g/day psyllium
administration. Segmentally, significant differences occurred while on the placebo intervention in
the colonic volumes of the fasted state between patients and healthy subjects (745 (455–844) mL and
372 (284–601) mL respectively, p < 0.5). The cause of these differences were mainly because of higher
volumes in the ascending and transverse region of the intestine.

 

Figure 4. (A) MRI bowel image. (B) 3D reconstruction of the bowel. Red, green, and yellow stand
for ascending, transverse and descending colon respectively. (C) Highly T2 weighted image with
the same angle of (A). Unbound liquid appears white whereas bound and less mobile liquid seem
darker. (D) Unbound liquid of the colon. Reproduced from [43], American Chemical Society, 2017
with permission.

The effect of oxycodone plus macrogol and prolonged-release (PR) naloxone and oxycodone on
the segmental gut water of 20 healthy subjects was evaluated [45]. The comparison of baseline and
day 5 scanning of PR naloxone intervention showed that regional intestinal volumes increased in
the cecum/ascending colonic volume (mean (±SD)) from 220 ± 25 mL to 257 ± 41 mL (p = 0.156),
the transverse colonic volume from 258 ± 42 mL to 295 ± 47 mL (p = 0.161), the descending colonic
volume from 187 ± 32 mL to 210 ± 51 mL (p = 0.384) and the total from 941 ± 108 mL to 1036 ± 176 mL
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(p = 0.087) respectively. The volume also increased from 276 ± 60 mL to 273 ± 71 mL (p = 0.904) in the
rectosigmoid colon. The same comparison of the macrogol intervention caused a volume rise in each
intestinal region and more specifically in the ascending colon where volumes rose from 216 ± 39 mL
to 277 ± 53 mL (p = 0.005), in the transverse colon from 270 ± 59 mL to 328 ± 51 mL (p = 0.006),
in the descending colon from 184 ± 55 mL to 231 ± 44 mL (p = 0.022), in the rectosigmoid colon from
242 ± 55 mL to 287 ± 52 mL (p = 0.026) and in total from 912 ± 158 mL to 1123 ± 145 mL (p < 0.001).
The results showed that the macrogol administration increased the volume significantly in every
segment. Significant volume rise in the whole intestine occurred only on macrogol administration.

The role of a low fermentable oligo-, di-, mono-saccharides and polyols or FODMAP regimen
with the administration of either oligofructose or maltodextrin on the intestinal water volumes
was investigated in 37 healthy volunteers [46]. MRI analysis revealed that both oligofructose and
maltodextrin exerted a positive effect on the intestinal volume since it was increased on average from
110 mL, 95% CI 30 mL to 190 mL, p = 0.01 (19.6% mean increase) and from 90 mL, 95% CI 6 mL to
175 mL, p = 0.04 (15.5% mean increase) respectively. When it comes to segmental colonic volumes only
oligofructose was capable to rise the volumes’ values in the ascending (mean 35 mL, 95% CI 9 mL to 61
mL, p = 0.01), transverse (mean 44 mL, 95% CI 4 mL to 84 mL p = 0.03) and distal colon (mean 26 mL,
95% CI 0 mL to 52 mL, p = 0.05). It was also noted that there was no significant difference when the
results from the two substances were compared to each other.

The role of foods in modulating gut water content of 15 subjects and either a bread meal, a rhubarb
meal, or a lettuce meal [47]. The bread meal created an AUC (area under the curve) (mean (SEM)) of 78
(43) mL whereas the rhubarb and the lettuce meal created a much higher rise of 291 (89) mL (p < 0.01
Wilcoxon) and 409 (231) mL respectively.

5. Colon Transit and Luminal Flow

Transit times of oral dosage forms exert a significant role on their efficacy. Modified release oral
formulations and colon-targeted drugs have to release their active substance in the colon. Therefore,
changes in the transit and flow patterns may affect drug release. MRI has been increasingly used to
study the transit times as summarised in Table 1.

Tagging is a MRI method commonly used to assess motion in the heart in cardiac imaging. It has
been used previously in the stomach environment and is now finding new applications to assess colonic
luminal motion of the chyme [44]. Pritchard et al. evaluated the application of MRI tagging to study
the ascending colonic flow in 11 healthy and 11 constipated volunteers on magrocol administration.
Analysis of the baseline scanning revealed weak flow procedures regardless volunteer group (healthy
20% (14–23), constipated 12% (11–20), p = 0.1). 60 min after macrogol administration, dislocation of
the tags could be observed mainly in the healthy group (30% (26–35), p = 0.002, Wilcoxon test) rather
than the constipated one (17% (13–230, p = 0.57, Wilcoxon test). This dislocation was characterized as
forward and backward and took place at the same time and region of the ascending colon (central).
Moreover, there was a fast (>4.8 cm) retrograde central ‘jet’ and a decrease in the tag intensity as well.
Results from all the scanning allowed the observation of higher central motion in the ascending colon
rather membrane motion which was weaker but still detectable at t = 120 min mainly in the healthy
large intestine (25% (18–360), p = 0.002) and not in so much in the constipated (13% (12–180), p = 0.76).
The researchers concluded that there were significant differences in the %COV in each time point
between the two conditions (60 min (p = 0.0020), 120 min (p = 0.003), Mann–Whitney rank sum test).
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Table 1. Colonic transit of contents with various MRI techniques.

Reference Aims Methods Outcomes

[29] Assessment of the intestinal transit
by MRI

12 healthy volunteers were scanned in
fasted and fed state and after consumption
of gel-filled capsules

Location of the capsules was affected by food
consumption (in the large intestine: fasted vs.
fed state was 3 vs. 17 capsules respectively,
p < 0.01)

[48]

Assessment of new MRI technique of
estimating intestinal transit with per
os capsules containing
gadolinium-saline solution

7 females and 8 males (all healthy)
consumed 5 capsules

Mean transit time for female and male
volunteers was 41 ± 9 h and
31 ± 10 h respectively

[23] Application of 19F and 1H MRI on
intestinal transit

2 healthy subjects consumed
perfluoro-[15]-crown-5-ether capsules:
1 each on scanning day 1 and 2 each on
scanning day 2

Single capsule tracking: total transit lasted 27 h
and 32 h for subjects A and B respectively
(mean capsule velocity was 1.0 mm/s and
1.0 mm/s respectively). Capsule found outside
the stomach 170 min and 220 min respectively
Dual capsule tracking: capsules located out of
the stomach 210 min after ingestion

[49] Validate MRI technique towards
OCTT3 and WGT1 measurements

21 healthy subjects
OCTT3 estimated by the arrival of the head
of the meal into the beginning of the large
bowel with MRI and by LUBT4

WGT1 estimated by MRI marker capsules
and ROMs5

MRI measurement of OCTT3 was
(median(IQR)) 225 (180–270) min and of WGT1

was 28 (4–50) h

[25]
Investigation of the effect of oral PEG
electrolyte in two dosing regimens on
colonic motility

12 healthy subjects consumed the split dose
(1 L before the first scanning day and 1 L on
the scanning day) and the other 12 healthy
volunteers the single dose (2 L on the first
scanning day)
Each volunteer ingested MRI marker pills
the day before the MRI transit scan (days 8,
14, 28)

No differences due to dosing regimens as Mean
position score of split vs. single dose at Day 8:
6.2 ± 0.4 vs. 5.4 ± 0.6, p = 0.2527, Day 14:
5.8 ± 0.4 vs. 5.5 ± 0.5, p = 0.6076, Day 28:
6.1 ± 0.5 vs. 6.6 ± 0.3, p = 0.3327
No differences between the days regardless
dosing: Day 8 vs. 14: p = 0.7750
Day 8 vs. 28: p = 0.2350

[50]
Evaluation of MRI techniques of
OCTT3 assessment towards LHBT6 in
healthy volunteers

28 healthy volunteers were recruited
OCTT3 was assessed by the arrival of the
head of the lactulose ingestion
(10 g/125 mL)

OCTT3 by MRI measurements was (median
(IQR)) 135 (120–150) min

[27]
MRI investigation of the effect of PEG
electrolyte as a laxative on the colonic
environment

24 patients with functional constipation
and 24 with IBS-C participated in this study.
They has to consume 5 MRI marker pills
before the scanning day and 1 L of PEG
electrolyte after the baseline scan on the
study day

WAPS2 for FC (3.6 (2.5–4.2)) was higher than
the IBS-C (2.0 (1.5–3.2)), p = 0.01

[41] Distinguish subgroups of IBS based
on MRI markers

91 volunteers took part (34 healthy, 30 with
IBS-D, 16 with IBS-C, and 11 IBS-M as
mixed. IBS-M and IBS-D were listed as
IBS-nonC)

WGT1 for IBS-C, healthy volunteers and IBS-D
was 69 (51–111) h, 34 (4–63) h and 34 (17–78) h
respectively and OCTT3 was 203 (154–266) min,
188 (135–262) min and
165 (116–244) min respectively

[44] Study the ascending colonic transit in
healthy and constipated subjects

11 healthy and 11 constipated subjects were
scanned fasted and after ingestion of 500
mL of macrogol and consumption
MR markers

WAPS2 between healthy and patients was
(median (IQR)) 0.6 (0–1) and 2.6 (1.4–3.6)
respectively, p = 0.0011

[51]

Evaluation of the applicability of
gadolinium filled MRI capsules
towards radio-opaque markers
(ROMs5) on colon transit time (CTT)

7 constipated and 9 healthy subjects
ingested 5 gadolinium-based capsules as
MRI markers and 20 ROMs5

MRI measurements revealed that CTTs in
healthy and constipated were 30.9 ± 15.9 h and
74.1 ± 7.2 h respectively, p < 0.05
Patients had higher CTTs than the healthy ones

[52] Establishment of an MRI technique for
bowel motion and transit assessment

Baseline and fed state MRI scanning of
15 healthy subjects
Meal: chicken or mushroom soup
Each subject consumed 5 MRI capsules of
Gadoteric acid the day before the study day

WAPS2 (24 h) = 1.0 (0–3.8)
WGT1 (hours) = 33 hr

[31]
Evaluation of psyllium consumption
on colonic environment of healthy
and constipated volunteers

9 healthy subjects received maltodextrin
(placebo) and psyllium 10.5 g and 21 g for
6 days randomly and 20 constipated
subjects ingested maltodextrin and 21 g of
psyllium in the same way
On treatment day 5, each volunteer
ingested 5 MRI marker capsules with
gadoteric acid

WGT1 was higher in healthy than patients
(p < 0.05)
Controls: WAPS224 showed no differences as
(median (IQR)) it was 1.0 (0.1–2.2) on
maltodextrin, 1.4 (0.2–2.1) on 10.5 g of psyllium
and 0.6 (0–1.9) on 21 g of psyllium
Patients decreased from 4.2 (3.2–5.3) on
maltodextrin to 2.0 (1.5–4.0) on psyllium
(p = 0.067)

[32] Evaluation of intestinal volumes and
function on kiwifruit consumption

2 kiwifruits or maltodextrin (control)
2 times per day for 3 days in the fasted
and fed state

WGT for kiwifruit was (median (IQR)) 0.8
(0–1.4) and for control 1.0 (0.5–3.1), p = 0.11

WGT1: whole gut transit WAPS2: median average weighted position score OCTT3: orocecal transit time LUBT4:
lactose ureide breath test ROMs5: radio-opaque markers LHBT6: lactulose hydrogen breath test.

6. Conclusions and Future Outlook

Recent developments in MRI imaging techniques have opened up the possibility to expand
knowledge of the colonic environment providing unprecedented insights on colonic dimensions,
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chyme and fluid characteristics, motility, transit, and flow. These physiological parameters will, in turn,
have profound impact on drug dissolution and absorption. New knowledge of colonic parameters
can also increase the in vivo relevance of in vitro models. Colonic motility has yet to be fully included
in the biorelevant in vitro modelling [43]. MRI has the potential to become the modality of choice
for early phase assessment of new colonic-targeted drugs’ functionality confirming their proof of
concept and helping to explain mode of action [11,31]. This is of great regulatory value. The future of
MRI of the abdomen includes ultra-high-field (7 T and above) scanners [53] and developments in the
design of open magnets that have the advantage of imaging volunteers in the sitting position [11,54].
Also, susceptibility differences and air-tissue interfaces can be responsible for generating artifacts,
some of which may be difficult to remove though some could potentially be eliminated by using
diamagnetic elements to improve the quality and reliability of the images and data acquired [55].
Another great advantage of MRI is its non-ionizing nature [56]. This can help to extend the studies of
gut physiology to children, a group where knowledge of the physiological GI parameters is particularly
scanty. Furthermore, one of the latest advancements in the MRI field is the use of ultrashort echo time
(UTE) MRI, which has been applied for abdominal imaging purposes [57,58]. The UTE abdominal
MRI has not been established and standardized yet but is has great potential since it allows imaging
areas whose signal decay fast [58]. Lastly, another common method to minimize abdominal motion
artifacts is the application of respiratory gating techniques and this practice could reduce the needs for
breath holds or allow for longer sequences [55].

However, there exist some limitations regarding the imaging of the colon and regional drug
behaviour. The colon is a large organ and current imaging of the whole colon at once is not of high
temporal quality and therefore development of 4D MRI imaging could be helpful [9]. Modified release
solid formulations deliver the active substance 6–24 h after administration and for this reason MRI
should be applied on the large intestine for longer than the usual 2 h [43]. The bore of the magnet
may feel small to claustrophobic participants and can limit studies in clinically obese subjects [11].
In the case of very young children, sedation might be suggested [55]. When it comes to reduction of
motion artifacts and bowel movement, antiperistaltic drugs and gating correction techniques could
be of use to reduce artifacts [55]. MRI cannot provide luminal pressure data which are of interest
too. Specifically, motility is not periodical with large time intervals of relative quiescence between
larger contractions [9]. Further studies are needed to analyse the potential of MRI for the exploration
of the interactions between the mixing and transportation of contents with meal type. Analysis of
flow types such as antegrade and retrograde can reveal the ascending colon’s ability of mixing and
propelling its contents. Breath hold imaging techniques can help to remove respiratory artifacts and
develop MRI as a tool [44]. Furthermore, carrying out MRI experiments is still perceived as expensive
compared to well-established techniques in the pharmaceutical field such as gamma-scintigraphy
when, on the same time, it yet needs to be optimized and validated towards them [11,31], though costs
are decreasing. A comprehensive MRI study day provides a large amount of data, which requires
extended image processing time. Practices vary between labs and therefore there is increasing need of
standardisation and image analysis automation [11].

In conclusion, MRI of the colon has developed substantially over the recent period considered
in this review, and further exciting developments can be expected. The novel physiological insight
will no doubt have a profound impact on our understanding of the colonic environment for drug
delivery and absorption and will ultimately help to increase the in vitro/in vivo relevance of computer
simulations and bench models.
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Abstract: A biowaiver is accepted by the Brazilian Health Surveillance Agency (ANVISA) for
immediate-release solid oral products containing Biopharmaceutics Classification System (BCS) class
I drugs showing rapid drug dissolution. This study aimed to simulate plasma concentrations of
fluconazole capsules with different dissolution profiles and run population simulation to evaluate
their bioequivalence. The dissolution profiles of two batches of the reference product Zoltec® 150 mg
capsules, A1 and A2, and two batches of other products (B1 and B2; C1 and C2), as well as plasma
concentration–time data of the reference product from the literature, were used for the simulations.
Although products C1 and C2 had drug dissolutions < 85% in 30 min at 0.1 M HCl, simulation results
demonstrated that these products would show the same in vivo performance as products A1, A2,
B1, and B2. Population simulation results of the ln-transformed 90% confidence interval for the
ratio of Cmax and AUC0–t values for all products were within the 80–125% interval, showing to be
bioequivalent. Thus, even though the in vitro dissolution behavior of products C1 and C2 was not
equivalent to a rapid dissolution profile, the computer simulations proved to be an important tool to
show the possibility of bioequivalence for these products.

Keywords: fluconazole; biowaiver; dissolution; Biopharmaceutics Classification System (BCS);
bioequivalence; GastroPlus™

1. Introduction

Bioavailability (BA) is the rate and extent of absorption of an active pharmaceutical ingredient from
a dosage form when it becomes available at the site of action. Drug products that are pharmaceutical
equivalents are considered bioequivalent and, therefore, interchangeable when BA is not statistically
different between the two products after administration at the same dose and under similar experimental
conditions in a bioequivalence (BE) study. For purposes of establishing BE, a test product must be
compared to a reference product [1–3].

For highly soluble and highly permeable drugs, categorized as class I according to the
Biopharmaceutics Classification System (BCS), the waiver of BE studies can be considered in
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immediate-release (IR) products [4]. In this case, the rate and extent of absorption are not dependent
on drug dissolution but rather solely on gastric emptying [5]. In IR products containing BCS class I
drugs with rapid (≥85% in 30 min) or very rapid (≥85% in 15 min) in vivo dissolution in relation to
gastric emptying, BA is independent of drug dissolution or gastrointestinal transit time [4].

The Brazilian Health Surveillance Agency (ANVISA) guidance for biowaiver [6] allows the waiver
of bioequivalence studies for BCS class I drugs that are described in a Normative Instruction [7], which
was updated later [8]. For this purpose, the applicant should provide data demonstrating rapid drug
dissolution from the IR dosage form, i.e., at least 85% of the drug dissolved within 30 min under all
conditions tested for both test and reference products [6]. The dissolution test conditions accepted by
ANVISA are suggested in the Pharmaceutical Equivalence and Comparative Studies of Dissolution
Profiles guidance [9]: apparatus 1 at 100 rpm or apparatus 2 at 50 rpm; dissolution media pH 1.2 HCl
or simulated gastric fluid without enzyme, pH 4.5 and pH 6.8 (or simulated intestinal fluid); 900 mL
and temperature 37 ± 1 ◦C.

Fluconazole is a triazole antifungal agent indicated for superficial and systemic infections, and is
available for oral administration in capsules containing 50–150 mg of the drug; it is generally well
absorbed, showing a BA of about 90% [10]. Due to its clinical and biopharmaceutical characteristics,
fluconazole is a candidate for BCS class I biowaiver [11,12]. This drug is described in the Brazilian Health
Surveillance Agency’s Normative Instruction list of drug candidates for the waiver of bioequivalence
studies according to BCS [8].

Currently, the prediction of intestinal absorption of drugs based on computer simulations using
advanced compartmental absorption and transit (ACAT) and physiologically-based pharmacokinetic
(PBPK) models is a reality [13–21]. Computer software can be used to predict oral absorption of
drugs from IR products containing different dissolution profiles, helping formulation scientists to
decide on the best dissolution test conditions or formulation, gaining time, and reducing costs in drug
development [17]. Computer simulations have been demonstrated to also be important for biowaiver
extension for BCS class II [14,22,23] and class III drugs [24].

The dissolution criterion for the biowaiver (rapid or very rapid dissolution) of IR products
containing 32 BCS class I drugs was evaluated by [25], which showed that very rapid dissolution is
not necessary to guarantee BE according to BCS. However, considering the importance of appropriate
dissolution tests and the possibility of requesting a waiver of BE studies when in vitro dissolution data
are available for BCS class I drugs [3,6], the objective of this article was to use computer simulations
to predict the plasma concentrations of fluconazole capsules with different dissolution profiles using
the software GastroPlus™, comparing products with rapid or very rapid drug dissolution to products
that do not meet this criterion, and evaluating whether they could be bioequivalent using simulated
population studies.

2. Methods

2.1. Plasma Concentration Simulations

The software GastroPlus™ version 9.0 (Simulations Plus Inc., Lancaster, CA, USA) was used to
predict the oral absorption of fluconazole 150 mg capsules from different manufacturers compared to
the reference product in Brazil, Zoltec® 150 mg capsules (Laboratórios Pfizer Ltda, Guarulhos, Brazil).

For such, a fluconazole database was created in GastroPlus™. Input data consisted of values taken
from the literature, including but not limited to drug solubility, pKa, and the logarithm of the partition
coefficient (Log P), as well as other parameters obtained using the ADMET Predictor™ (Absorption,
Distribution, Metabolism, Elimination and Toxicity Predictor) (Simulations Plus, Lancaster, CA, USA)
module in GastroPlus™ (Table 1).
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Table 1. Input data used in GastroPlus™ to simulate plasma concentrations.

Parameter Value Reference/Data Source

Solubility (mg/mL)

8.03 at pH 0.8;

[11,12]6.91 at pH 4.5;
7.82 at pH 6.8;
6.90 at pH 7.4

pKa 2.56; 2.94; 11.01 [26,27]

Log P 0.82 ADMET Predictor™

Dose (mg) 150 [28,29]

Effective permeability, Peff (cm/s × 10−4) 4.06 ADMET Predictor™

Blood/plasma ratio 1.1 ADMET Predictor™

Unbound plasma (%) 27.41 ADMET Predictor™

Physiology Human, fasting conditions [28]

Body weight (kg) 61 [28]

Plasma concentrations of the reference product (Zoltec® 150 mg capsules) previously reported
by [28] were extracted from the original figure using Web Plot Digitizer [30] and used in the PKPlus™

module in GastroPlus™ to build a compartmental pharmacokinetic (PK) model. PKPlus™ is an optional
module in GastroPlus™ that uses intravenous or oral plasma concentration–time data to calculate the
most appropriate modeling (one-, two-, or three-compartmental models) and generate PK parameters
for simulations [31].

In the GastroPlus™ fluconazole database, records were created for two batches of three different
products, namely A1, A2, B1, B2, C1, and C2, as previously described by [29]; A1 and A2 were batches
#1 and #2, respectively, of the reference product Zoltec® 150 mg capsules, whereas B1, B2, C1, and C2
were batches #1 and #2 of two different products found in the Brazilian market. The dissolution tests
were performed using the United States Pharmacopeia (USP) apparatus 1 (basket) with 900 mL of
0.1 M HCl at 37 ± 0.5 ◦C and 100 rpm for 30 min and yielded results (n = 6 for each product) [29] that
were used in the software to simulate the plasma concentration for each product (A1, A2, B1, B2, C1,
and C2).

The simulations were run in GastroPlus™ in order to obtain the predicted values of the plasma
concentration. Concentration curves were compared to that of the reference product (Ref) with respect
to regression parameters generated by the software: coefficient of determination (R2), sum of square
error (SSE), root mean square error (RMSE), and mean absolute error (MAE).

The pharmacokinetic parameters %F (% bioavailable), which is the percent of drug that reached
the systemic circulation, Tmax, Cmax, and AUC (Area Under the Curve) were generated by GastroPlus™.

2.2. Population Simulations

Population Simulator is one of the simulation modes present in GastroPlus™. This mode allows
the user to run simulated clinical trials for virtual subjects, combining physiology and pharmacokinetic
variability within populations and considering formulation variables used as input data in the software.
In this mode, Monte Carlo simulations are used to randomly generate each subject to have a unique set of
parameters (gastrointestinal transit time and pH; pharmacokinetic parameters; plasma protein binding;
small intestine, stomach, caecum and colon dimensions; and hepatic blood flow rate). Variations in
each parameter are randomly generated for each simulated virtual subject [31].

In this way, population simulations were run in GastroPlus™ for each product (A1, A2, B1, B2,
C1, and C2) considering in the Population Simulator mode the number of output data points to be
saved for each virtual subject as 25. The number of virtual subjects chosen for the simulations was 28.
This was the same number of volunteers enrolled in the bioequivalence study described by reference
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#28. Bioequivalence between each product and the reference Zoltec® 150 mg capsules [28] from
population simulation results were presented as 90% confidence interval (CI) for the ratio of Cmax

and AUC0–t using ln-transformed data. GastroPlus™ automatically set in green the values of 90% CI
for Cmax and AUC0–t that are within the 80–125% interval, according to regulatory agencies [32,33].
The end time used for the simulations was 96 h and the average AUC0–t/AUC0–inf ratio was calculated.

3. Results and Discussion

After adding plasma concentrations of the reference product, Zoltec® 150 mg capsules, in the
software GastroPlus™ and selecting compartmental PK modeling, the PKPlus™ module calculated
the most appropriate compartmental model (one, two, or three compartments) considering the
administration of fluconazole 150 mg as IR capsules to subjects with an average weight of 61 kg
under fasting conditions. Compartmental models were compared by evaluating R2 and the Akaike
Information Criterion (AIC). As shown in Table 2, the two-compartmental model presented the best fit
due to the highest R2 and lowest AIC value. Table 3 presents the PK parameters predicted using the
selected model.

Table 2. Elimination half-life (T1/2), coefficient of determination (R2), and Akaike Information Criterion
(AIC) for compartmental models calculated by PKPlus™ module.

Compartmental Models T1/2 (h) R2 AIC

One-compartmental 29.55 0.9936 −80.27
Two-compartmental 30.25 0.9977 −87.53

Three-compartmental 1523.50 0.9976 −83.84

Table 3. Pharmacokinetic (PK) parameters from the two-compartmental model calculated by the
PKPlus™ module.

Parameter Value

Clearance, CL (L/h) 0.99565
Central compartment volume, Vc (L) 30.66

Elimination half-life, T1/2 (h) 30.25
Distribution rate constant from C1 to C2, K12 (h−1) 0.16515
Distribution rate constant from C2 to C1, K21 (h−1) 0.41884

Distribution volume of second compartment, V2 (L/kg) 0.19817

Mean (± standard deviation, SD) clearance (CL) and central compartment volume (Vc) values
for fluconazole in healthy subjects are reported in the literature as 1.272 ± 0.219 L/h and 46.3 ± 7.9 L
(38.4 to 54.2 L), respectively [34], whereas T1/2 of fluconazole is about 30 h [10]. Thus, the CL value
calculated using PKPlus™ is in accordance with the literature, and the calculated Vc is near to the
lowest (38.4 L) value reported by [34].

Figure 1 shows the percent of fluconazole dissolved over time during dissolution tests of products
A1, A2, B1, B2, C1, and C2 [29].
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Figure 1. Dissolution profiles of products A1, A2, B1, B2, C1, and C2, obtained in USP Apparatus
1 (basket) with 900 mL of 0.1 M HCl at 37 ± 0.5 ◦C and 100 rpm for 30 min (adapted from [29],
with permission from Brazilian Journal of Pharmaceutical Sciences, 2019).

Products A1, A2, B1, B2, C1, and C2 had 91.4%, 74.9%, 100.7%, 99.9%, 17.1%, and 35.4% of drug
dissolved in 15 min, respectively. Although product A2 have shown less than 85% of the drug dissolved
in 15 min, only products C1 and C2 had values that did not reach 85% of drug dissolved at the end of
the test (Figure 1). Considering these findings, products C1 and C2 are not expected to be bioequivalent
to the reference product.

Fluconazole is a high solubility and high permeability (BCS class I) drug, which is not expected
to present problems in dissolution tests. However, Charoo et al. [35] described the influence of the
polymorphism of fluconazole on dissolution. This drug exhibits the polymorphic forms I, II, III,
and monohydrate. The solubility values of forms I and monohydrate were reported as 4.96 and
4.21 mg/mL, respectively, and form II as 6.59 mg/mL in water at 25 ◦C [36,37]. Low intrinsic dissolution
rate was also reported for the form I [38,39]; the tendency of form II to convert into forms I and
monohydrate in the presence of high humidity values have also been reported [40]. It is possible that
products C1 and C2 contain polymorphic form I or monohydrate due to the lower in vitro dissolution
rate in comparison to the other products, as shown in Figure 1.

GastroPlus™was used to simulate plasma concentration–time curves for all the products, including
C1 and C2, and the resulting profiles were then compared to the reference product (Ref) curve plotted
with experimental values (Figure 2) in order to evaluate in vivo performance.

According to the predicted plasma concentration–time curves (Figure 2), all products would show
in vivo performance equivalent to that of the reference product.
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Figure 2. Plasma concentration-time curve of reference product (Ref) based on experimental values
and of products A1, A2, B1, B2, C1, and C2 created using simulated values given by GastroPlus™; error
bars represent the standard deviation for the reference plot. A zoom in of the time period 0–48 h is
highlighted for better visualization.

Statistical parameters (R2, SSE, RMSE e MAE) generated by the software for each predicted profile
in comparison to the plasma concentration–time curve of the reference product [28] are shown in
Table 4.

Table 4. Statistical parameters generated by GastroPlus™ for each predicted plasma concentration-time
curve.

Product R2 SSE RMSE MAE

A1 0.987 1.482 × 10−1 1.161 × 10−1 7.561 × 10−2

A2 0.936 9.806 × 10−1 2.986 × 10−1 1.833 × 10−1

B1 0.929 1.097 3.158 × 10−1 1.898 × 10−1

B2 0.929 1.094 3.154 × 10−1 1.897 × 10−1

C1 0.832 2.382 4.653 × 10−1 2.402 × 10−1

C2 0.969 4.301 × 10−1 1.977 × 10−1 1.366 × 10−1

R2, coefficient of determination; SSE, sum of square error; RMSE, root mean square error; MAE, mean absolute error.

For all predicted profiles, low values were found for the prediction error parameters SSE, RMSE,
and MAE (Table 4), indicating the viability of using GastroPlus™ to predict plasma concentrations of
fluconazole from input data. High correlation (R2) was demonstrated between the predicted plasma
concentration–time curves of all products and the experimentally-determined reference curve.

The percent of drug dissolved less than 85% at 30 min for products C1 and C2 did not affect
the predicted in vivo performance, as observed in the predicted plasma concentration–time curves
(Figure 2) and statistical parameters (Table 4).

GastroPlus™ also calculates the amount of drug dissolved in vivo (AmtDiss), absorbed to the
portal vein (AmtPV), total amount absorbed (AmtAbs), and the amount in the systemic circulation
(AmtSC). These data are shown in Figure 3.
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Figure 3. Amount of fluconazole dissolved in vivo (AmtDiss), amount absorbed to the portal vein
(AmtPV), total amount absorbed (AmtAbs), and the amount in the systemic circulation (AmtSC) for
products (A1–C2) calculated by GastroPlus™. Simulation time displayed is 8 h instead of the total
simulation time (96 h) to provide better visualization.

It can be observed in Figure 3 that products A1, A2, B1, and B2 showed similar predicted in vivo
dissolution behavior with a fast amount absorbed by enterocytes, then into the portal vein, and in the
systemic circulation. The slow in vitro dissolution of products C1 and C2 (Figure 1) could be attributed
to the presence of the low soluble polymorphic forms I and monohydrate. Despite a small displacement
of the curves (Figure 3) corresponding to the predicted in vivo dissolution (AmDiss) of products C1
and C2 was observed, it did not affect the predicted fluconazole amount absorbed (AmtAbs) and the
predicted amount in the systemic circulation (AmtSC). It is expected that for fluconazole, as for BCS
class I drugs, dissolution is not the limiting step for absorption.
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The Cmax and AUC predicted values for products A1, A2, B1, B2, C1, and C2 and the experimental
ones for the reference product (Ref) are shown in Table 5.

Table 5. Pharmacokinetic parameters of the reference product (Ref) based on the experimental curve
and of products A1, A2, B1, B2, C1, and C2 obtained using simulated curves given by GastroPlus™.

Products F% Tmax (h)
Cmax (μg/mL) AUC0–t (μg h/mL)

Obs Pred Obs Pred

Ref 90.0 4.00 3.49 – 135.77 –
A1 99.6 2.30 – 3.26 – 133.24
A2 99.6 1.66 – 3.82 – 132.48
B1 99.6 1.60 – 3.82 – 132.51
B2 99.6 1.60 – 3.82 – 132.51
C1 99.4 3.20 – 3.16 – 132.66
C2 99.6 1.80 – 3.81 – 132.37

%F, oral bioavailability: % of the drug that reached the systemic circulation; Tmax, time of Cmax; Cmax, maximum
plasma concentration; AUC, area under the plasma concentration-time curve; Obs, observed value.

As stated in the Methods section, in vivo data of the reference product (Ref) was extracted from
a figure containing the plasma concentration–time curve of Zoltec® 150 mg capsules described by
the reference #28, using WebPlotDigitizer [30]. These in vivo values were used as input data of Ref
in GastroPlus™ and the pharmacokinetic parameters (F%, Tmax, Cmax, and AUC0–t) presented as
Obs (Table 5) were calculated by the software. These PK parameters are in accordance with those
reported by reference #28 (Tmax = 2.96 h (1.96 h−3.96 h), Cmax = 3.64 μg/mL (2.85 μg/mL–4.43 μg/mL),
and AUC0–t = 135.72 μg h/mL (106.20 μg h/mL–165.24 μg h/mL)). Even with the small difference found
in the value of Tmax, the calculations made using GastroPlus™ were reasonable.

ANVISA recommendations for the waiver of BE studies according to BCS for class I drugs state
that IR solid oral products must have rapid drug dissolution (≥85% in 30 min) in 0.1 M HCl, pH 4.5
and pH 6.8 [6]. In this study, even though the dissolution tests were carried out only in hydrochloric
acid as the dissolution medium [29], products C1 and C2 that did not meet the requirements of the
dissolution rate still showed in vivo performance equivalent to the reference product. Al-Tabakha
et al. [41] evaluated different products containing amoxicillin trihydrate and potassium clavulanate.
These authors observed that products considered as bioequivalents presented in vitro dissolution
differences, showing that in some cases in vitro dissolution can be more discriminating than in vivo
bioequivalence testing.

Population simulation results for products A1 and A2, B1 and B2, and C1 and C2 are presented in
Table 6.
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The 90% CI ln-transformed of the ratio of Cmax and AUC0–t for the products and reference are
within the 80–125% interval (Table 6), in accordance with the regulatory guidance of the FDA [32]
and ANVISA [33] for bioequivalence evaluation of test and reference products. The average
AUC0–t/AUC0–inf ratios for the reference and all products were between 0.86 and 0.90, showing
that the end time (96 h) used in the simulations was appropriate (>80%) to provide a reliable estimate
of the extent of absorption [32,42].

4. Conclusions

Plasma concentration profile predictions and population simulation using virtual subjects obtained
for fluconazole capsules with dissolution profiles that meet (A1, A2, B1, and B2) and do not meet
(C1 and C2) the regulatory criterion of rapid or very rapid dissolution showed their bioequivalence.
Computer simulations can be used as a tool for screening formulations that could be bioequivalent,
contributing to gaining time and reducing costs for pharmaceutical companies.
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Abstract: In this study a novel type of in vitro–in vivo correlation (IVIVC) is proposed: The correlation
of the in vitro parent drug dissolution data with the in vivo pharmacokinetic data of drug’s metabolite
after the oral administration of the parent drug. The pharmacokinetic data for the parent drug
diltiazem (DTZ) and its desacetyl diltiazem metabolite (DTZM) were obtained from an in vivo study
performed in 19 healthy volunteers. The pharmacokinetics of the parent drug and its metabolite
followed a pseudomono-compartmental model and deconvolution of the DTZ or DTZM plasma
concentration profiles was performed with a Wagner–Nelson-type equation. The calculated in vivo
absorption fractions were correlated with the in vitro DTZ dissolution data obtained with USP 2
apparatus. A linear IVIVC was obtained for both DTZ and DTZM, with a better correlation observed
for the case of the metabolite. This type of correlation of the in vitro data of the parent compound
with the in vivo data of the metabolite could be useful for the development of drugs with active
metabolites and prodrugs.

Keywords: in vitro–in vivo correlation (IVIVC); diltiazem; mathematical modeling; metabolites;
dissolution

1. Introduction

One of the goals of in vitro–in vivo correlations (IVIVCs) is the estimation of the in vivo release of
an active substance from orally administered pharmaceutical formulations based on in vitro dissolution
data. For extended release formulations, reasonable linear correlations have been obtained from
a number of IVIVC studies [1–5]. In other cases, linear correlations were not satisfactory [6–9], or
the data could not be correlated [2,10,11]. Although in the case of extended release formulations
linear relationships are frequently obtained, both the United States Pharmacopoeia (USP) and the
Food and Drug Administration (FDA) state that non-linear models are also acceptable to describe
IVIVCs [12–14]. Non-linear models have been proposed by Polli et al. and Dunne et al. [15–17].
Model-independent methods are commonly used for the development of IVIVCs, but model-dependent
methods are also applied [15–20]. For example, Dunne et al. started from survival curve methods
considering the time at which a drug enters the solution (in vitro or in vivo) as a random variable
and correlated the in vitro and in vivo parameters postulating different relations between distribution
functions or their probability densities [16,17]. The distribution functions were obtained by cumulative
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dissolution and the probability densities were determined by the rate at which the drug is released
from the pharmaceutical formulation. These non-linear models were considered as scientifically
sound IVIVCs that contrast with the “empirical” non-linear functions such as the sigmoid, Weibull,
Higuchi, or Hixson–Crowell methods [21]. All these models remain essentially empirical, and the
more complex the model is the more unstable is the fitting algorithm and the risk of non-uniqueness of
the solutions [22,23].

Diltiazem (DTZ), a benzothiazepine calcium channel blocker, has been widely used in the
treatment of stable, variant, and unstable angina pectoris, systemic hypertension, and supraventricular
tachycardias [24,25]. It is subjected to extensive and highly variable hepatic first-pass metabolism
by CYP3A4, and only 2%–4% of the unchanged drug is excreted in the urine. The pharmacokinetics
of DTZ in healthy volunteers indicated a biphasic elimination with a distribution half-life of 0.3 ±
0.2 h, an elimination half-life of 3.1 ± 1 h and an apparent volume of distribution of 5.3 ± 1.7 L/kg
after intravenous (i.v.) administration of 15 mg, and an elimination half-life of 3.2 ± 1.3 h after oral
administration of 60 mg [26]. The absolute bioavailability of DTZ ranged from 24% to 74% (mean 42% ±
18%), and the inter-individual variability may be explained by the highly variable first-pass effect [24].
Non-linearity and a slight increase of the half-life were observed when the dose was increased. Notably,
in young healthy volunteers DTZ did not show linear kinetics between single and multiple doses [27].

DTZ has several metabolites in humans: Desacetyl DTZ (DTZM), N-monodesmethyl DTZ,
desacetyl N-monodesmethyl DTZ, and desacetyl DTZ N-oxide, with average maximum plasma
concentrations of 10%, 15%, 26%, and 13%, respectively, of the mean maximum DTZ concentration [28].
Therefore, the analysis of the pharmacokinetics of DTZ and its metabolites, as well as the development
of IVIVCs can be useful in improving the general administration schedule, the personalization of
therapy and the development of DTZ formulations for oral administration.

The aim of this study was to develop IVIVCs for orally administered DTZ formulations. Apart
from the traditional IVIVC approach in which the in vitro drug dissolution is correlated with its in vivo
absorption calculated by deconvolution, a novel method was developed. The in vitro dissolution
of DTZ was correlated to the in vivo absorption estimated by a deconvolution method that uses
the pharmacokinetic data of the active metabolite (DTZM). This approach could be valuable for the
development of IVIVCs for drugs with significant plasma levels of metabolites.

2. Materials and Methods

2.1. Chemicals and Reagents

Diltiazem hydrochloride (batch 4) and haloperidol (batch 1) reference standards were purchased
from the European Directorate for the Quality of Medicines (EDQM, Strasbourg, France), while
desacetyl diltiazem hydrochloride (batch JOC143) was obtained from the United States Pharmacopeia
(USP, Rockville, MD, USA). Cardiazem® 60 mg tablets (Hoechst Marion Roussel, batch number
1099841) were used for the in vitro and in vivo studies.

HPLC gradient grade acetonitrile and methanol were purchased from Merck KGaA (Darmstadt,
Germany), whereas HPLC grade methyl tert-butyl ether was acquired from Sigma-Aldrich (Taufkirchen,
Germany). All other reagents were of analytical grade and used without further purification. Ultrapure
water (resistivity 18.2 MΩ·cm at 25 ◦C, Total Organic Carbon (TOC) < 5 ppb) was obtained from a
Milli-Q (Millipore, Milford, MA, USA) water purification system. Blank human plasma was obtained
from the Army Centre of Transfusion Hematology (Bucharest, Romania).

2.2. In Vitro Dissolution Studies

Dissolution studies of Cardiazem® 60 mg tablets were performed using a USP 2 dissolution
apparatus (DT 800 Erweka GmbH, Heusenstamm, Germany) at 75 rpm. The dissolution medium
(ultrapure water, 900 mL) was deaerated and maintained at 37 ± 0.5 ◦C. Aliquots of 5 ± 0.1 mL were
withdrawn at 10, 15, 20, 30, 60, 120, and 180 min, and immediately replaced with an equal volume
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of fresh medium maintained at the same temperature. The samples were filtered through a 0.45 μm
Teflon® filter, and the drug concentrations were determined by measuring the absorbance of each
sample at 237 nm on a V-530 UV-VIS spectrophotometer (JASCO Ltd., Tokio, Japan). Diltiazem
concentrations were calculated from linear calibration curves. Dissolution data for each compound are
reported as mean values of 12 replicates, and the coefficient of variation (CV%; [mean value/standard
deviation] × 100%) was calculated.

2.3. Clinical Study

In vivo data were obtained in a pharmacokinetic study after administration of two 60 mg
Cardiazem® tablets to 19 healthy volunteers in a single-dose study under fasting conditions.

The study was carried out in accordance with the basic principles defined in the Helsinki
Declaration of 1964 as revised in 2013, as well as with the International Conference on Harmonization
(ICH) Good Clinical Practice regulations. The study was conducted at the National Institute for
Aeronautical and Space Medicine «Gen. Dr. Av. Victor Atanasiu» within the Central Clinical
Emergency Military Hospital in Bucharest (Romania).

The study protocol (protocol code: DILTZARE155/2002) was approved by the Institutional Ethics
Committee of Biopharmacy & Pharmacol Res S.A. (approval number 32, 4 July 2007), as well as by the
Romanian National Agency for Medicines and Medical Devices (approval number 337, 24 July 2007).

The study subjects (n = 19) were of Caucasian race, aged between 19 and 30 years (24.3 ± 3.34) and
with a body mass index between 19 and 27 (22.43 ± 1.87). All subjects were healthy according to their
medical and social history, physical examination, and laboratory tests. The subjects had no history of
drug or alcohol abuse, hypersensitivity to the investigational products, and did not take any medication
for two weeks before dosing. Alcohol, tobacco, as well as caffeine containing beverages were forbidden
for 48 h before as well as during the study. All subjects gave written informed consent prior to study
enrolment and were allowed to terminate their participation in the trial at any time, without restrictions.
Standard meals were provided to the subjects at four and nine hours after drug administration.

Venous blood samples (5 mL) were collected into heparinized tubes through a catheter inserted in
the antecubital vein before (time 0) and at 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 10, 12, and 24 h after drug
administration. Blood samples were centrifuged at 5 ◦C for six minutes at approx. 3000 rpm. Plasma
was separated in two equal aliquots (1.2–1.3 mL), transferred to labeled 1.5 mL polypropylene tubes
and immediately frozen and stored at a < −20 ◦C until analysis.

2.4. Sample Treatment

Plasma samples (500 μL) were transferred to 10 mL disposable polypropylene tubes, to which
100 μL internal standard (IS) solution (containing 10 μg/mL haloperidol in methanol), 200 μL 0.2 M
dipotassium phosphate buffer pH = 9 and 3 mL methyl tert-butyl ether were added. The tubes were
vortex-mixed for 10 min and then centrifuged for 10 min at 4000 rpm. Of the organic layer 2.5 mL were
removed and extracted with 200 μL 0.025 M phosphoric acid solution. After shaking for 10 min and
centrifugation for 10 min at 4000 rpm, 25 μL of the acidic aqueous phase were analyzed by HPLC.

2.5. Preparation of Standard Solutions and Quality Control Samples

The stock solutions of DTZ and DTZM were prepared by dissolving an appropriate amount of each
reference standard in methanol to yield concentrations of 100 μg/mL and 50 μg/mL, respectively, and
serially diluted with the same solvent. 10 μL of the diluted solutions of each analyte were spiked into
80 μL of blank plasma, in order to obtain the calibration standard solutions with final concentrations
of 2.5, 5, 10, 25, 50, 100, 250, and 500 ng/mL for DTZ and 1.25, 2.5, 5, 12.5, 25, 50 125, and 250 ng/mL
for DTZM.

Quality control (QC) samples were prepared similarly, in order to obtain concentrations at the
lower limit of quantification (LLOQ; 2.5 ng/mL for DTZ and 1.25 ng/mL for DTZM), and at low (QClow
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= 7.5 ng/mL DTZ and 3.75 ng/mL DTZM), medium (QCmed = 150 ng/mL DTZ and 75 ng/mL DTZM),
and high (QChigh = 300 ng/mL DTZ and 150 ng/mL DTZM) concentration levels.

All stock and standard solutions were protected from light and stored at −20 ◦C until use.

2.6. Chromatographic Analysis

Chromatographic analyses were performed on a Waters liquid chromatographic system (Milford,
MA 01757, USA) consisting of a quaternary gradient system (600E Multisolvent Delivery System), in
line degasser (Waters model AF), UV tunable absorbance detector (Waters model 486), and auto sampler
(Waters model 717 plus). Empower Pro software (Waters, Milford, MA 01757, USA) was used to
control the system, acquire and process data. The UV detector was set at 235 nm. The chromatographic
separation was achieved on an Ascentis 5C18, 5-μm 150 × 2.1 mm column (Supelco, Bellefonte, PA
16823, USA) at a constant temperature (35 ◦C). The mobile phase consisted of an isocratic mixture of
0.025 M potassium di-hydrogen phosphate buffer containing 0.2% triethylamine adjusted to pH 2.2
and acetonitrile in a 72:28 (v/v) ratio, and delivered at 0.35 mL/min flow rate. Of each sample 25 μL
were injected into the chromatographic column.

Method validation was performed in accordance with the bioanalytical method validation
guidelines of the FDA, including selectivity, linearity, limits of quantification, accuracy, precision,
recovery, dilution effects, and stability [29]. Assay specificity was evaluated in relation to interferences
from the endogenous matrix components of drug free plasma samples of six different origins. The
calibration curves of both DTZ and DTZM were constructed by plotting DTZ or DTZM to IS peak
area ratios versus concentration (ng/mL), using data obtained from triplicate analysis of the calibration
standard solution (in the range 2.5–500 ng/mL for DTZ and 1.25–250 ng/mL for DTZM). The lower
limit of quantification (LLOQ) was set as the lowest concentration on the calibration curve. Within-run
and between runs precision and accuracy were estimated by analyzing five replicates of the LLOQ and
the QC samples in a single analytical run and on five consecutive days, respectively. The acceptance
criteria for precision and accuracy were: Relative Standard Deviation (RSD)% ≤15% and bias within
±15% for the QC samples and RSD% ≤20% and bias within ±20% for the LLOQ samples. The absolute
recovery of DTZ and DTZM was determined using five replicates of the three concentration level QC
samples. Bench-top, extract, stock solution, freeze-and-thaw, long-term, and post-preparative stability
studies were also performed to evaluate the stability of both DTZ and DTZM.

2.7. Treatment of In Vivo Data

Estimation of pharmacokinetic parameters of the in vivo parameters by non-compartmental
analysis was performed using subroutines of the KINETICA 4.2 software (Innaphase Corp, Philadelphia,
PA 19102, USA). The maximum concentration (Cmax) and the corresponding peak times (Tmax) were
determined from the individual drug plasma concentration-time profiles. The elimination rate
constant (ke) was obtained from the least-square fitted terminal log-linear portion of the plasma
concentration–time profile. The elimination half-life (t1/2) was calculated as 0.693/ke. The area under
the curve to the last measurable concentration (AUC0–t) was calculated by the trapezoidal rule method.
The area under the curve extrapolated to infinity (AUC0–∞) was calculated as AUC0–t + Ct/ke, where
Ct is the last measurable concentration. Shapiro–Wilk statistic W-test (SW–W) was used to evaluate
normality of data distribution, with a p < 0.05 set as threshold for statistical significance.

Compartmental analysis of the in vivo data was performed using TOPFIT 2.0 software (Thomae
GmbH, Germany). Fitting performance was assessed based on the Akaike (AIC) and Schwarz (SC)
criteria (both based on the sum of “errors” corrected by a “penalty” function proportional to the
number of parameters model: AIC = N·lnSS + 2p; SC = N·lnSS + p·lnN) [22], where N is the sample
size (i.e., number of data points), p represents the number of model parameters and SS is the sum of
squares error.

The significance of the differences in the fitting performance of two nested models, a more
complicated one (with p parameters) and a simpler one (with q parameters, q < p), was evaluated by
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comparing the relative increase in the sum of squares
(

SSq−SSp
SSp

)
with the relative decrease in degrees of

freedom
(

d fq−d fp
d fp

)
going from the more complicated to the simpler model, based on the F ratio:

F =
SSq − SSp

SSp

d fp
d fq − d fp

where the degrees of freedom df equals the difference between the sample size N and the number of
parameters of each model (d fp = N − p and d fq = N − q, respectively).

A model is considered more efficient if it is simple, has a minimum number of parameters,
is “phenomenologically” justified and errors are comparable with experimental errors and
physiological variability.

2.8. Model-Independent Estimation of In Vivo Absorption/Dissolution by the Deconvolution of
In Vivo Pharmacokinetics

The fraction of drug absorbed was calculated using the Wagner–Nelson equation [30]:

FRA(ti) =
cpd(ti) +

∫ ti
0 kecpddt∫ ∞

0 kecpddt
=

cpd(ti) + keAUC(PD)0−ti

keAUC(PD)0−∞
,

where, FRA(ti), fraction of the drug absorbed at time ti; cpd(ti), plasma concentration of the parent
drug at time ti; ke, elimination rate constant for the parent drug; AUC(PD)0−ti

, area under the
concentration–time curve of the parent drug from time 0 to time ti; AUC(PD)0−∞, area under the
concentration–time curve of the parent drug from time 0 to infinity.

In the case of metabolites, a Wagner–Nelson type equation was applied for the calculation of the
apparent fraction of the metabolized drug (FRM):

FRM(ti) =
cm(ti) +

∫ ti
0 km

e cmdt∫ ∞
0 km

e cmdt
=

cm(ti) + km
e [AUC−M]0−ti

km
e [AUC−M]0−∞

,

where, FRM(ti), fraction of the metabolized drug at time ti; cm(ti), plasma concentration of the
metabolite at time ti; km

e , elimination rate constant of the metabolite.
The elimination rate constant was estimated by performing both a non-compartmental analysis

(linear regression of the last points of the logarithmic data) and a one-compartmental modeling of the
mean plasma levels.

If the absorption and metabolism can be assumed to be rapid, FRM(ti) could be considered an
estimation of FRA(ti). Based on this assumption, an in vitro dissolution–in vivo metabolism correlation
could be expected.

3. Results

3.1. In Vitro Dissolution of Diltiazem

The individual DTZ dissolution profiles in water are presented in Figure 1 and the mean %
dissolved over time are shown in Table 1. A 80.92% DTZ dissolved is observed after 3 h. Since DTZ is
lipophilic (logP 2.7) [31], its administration as a hydrochloride salt helps the rapid dissolution in the
stomach. Its precipitation in the intestine is likely unavoidable (pKa = 8.06) and could account for its
absorption variability. Based on the small variability of the in vitro dissolution profiles, as revealed
by the low values of CV% (Table 1), the mean dissolution profile can be used for the development
of IVIVCs.
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Figure 1. Individual in vitro dissolution profiles of DTZ from 60 mg Cardiazem® tablets in 900 mL
water, using USP Apparatus 2, at 75 rpm (n = 12).

Table 1. In vitro dissolution of DTZ from 60 mg Cardiazem® tablets in 900 mL water, using USP
Apparatus 2, at 75 rpm (n = 12).

Time (min) Dissolved (%) CV (%)

10 12.42 10.56
15 17.00 9.04
20 18.67 15.88
30 22.17 11.19
60 37.67 10.46
120 63.58 9.66
180 80.92 8.29

3.2. Chromatographic Method Validation

No interference between the endogenous matrix components and DTZ or DTZM was observed,
indicating selectivity of the HPLC method in the plasma samples (Figure 2). Calibration curves were
linear over the concentration range 2.5–500 ng/mL for DTZ (Y = 1.21e–003X + 2.03e–003; R2 = 0.9997),
and 1.25–250 ng/mL for DTZM (Y = 1.59e–003X + 2.33e–004; R2 = 0.9997).

The LLOQ was 2.5 ng/mL for DTZ and 1.25 ng/mL for DTZM, suggesting a good sensitivity of the
analytical method.

Both within-run and between runs accuracy and precision were within the accepted limits (Table 2)
for the LLOQ and all the QC samples. The within-run precision (RSD%) ranged between 1.19% and
5.71%, whereas accuracy (% bias versus nominal concentration) ranged between 0.25% and 3.76%; the
between run precision (RSD%) was between 3.53% and 8.03% whereas the % bias versus the nominal
concentration was lower than 6% (Table 2).

The mean absolute recovery in plasma was 105.19% ± 4.81% for DTZ, 96.52 ± 5.59 for DTZM and
91.11 ± 3.32 for the IS, indicating lack of interference from the sample preparation method. Dilution
effect was not observed either for DTZ or DTZM by means of a five-fold dilution with blank plasma.
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Figure 2. Typical HPLC chromatograms of DTZ and DTZM in plasma: (a) Chromatogram of a
standard sample containing DTZ (500 ng/mL) and DTZM (250 ng/mL) and internal standard (IS);
(b) chromatogram of blank plasma; (c) chromatogram of a plasma sample obtained from one on the
study subjects two hours after drug administration (DTZ—154.4 ng/mL, DTZM—3.9 ng/mL).

Table 2. Accuracy and precision data for the determination of diltiazem (DTZ) and desacetyl DTZ
(DTZM) in human plasma.

Sample
Code

DTZ DTZM

Nominal
conc.

(ng/mL)

Measured
conc. (Mean ±

SD, ng/mL)
RSD (%) Bias (%)

Nominal
conc.

(ng/mL)

Measured
conc. (Mean ±

SD, ng/mL)
RSD (%) Bias (%)

Within-run

LLOQ 2.5 2.49 ± 0.14 5.71 −0.56 1.25 1.26 ± 0.05 3.79 0.40
QClow 7.5 7.48 ± 0.29 3.89 −0.25 3.75 3.72 ± 0.14 3.73 −0.85
QCmed 150 148.83 ± 2.76 1.85 −0.78 75 72.18 ± 1.65 2.29 −3.76
QChigh 300 310.46 ± 3.70 1.19 3.49 150 146.26 ± 2.47 1.69 −2.49

Between runs

LLOQ 2.5 2.63 ± 0.17 6.43 5.04 1.25 1.32 ± 0.07 5.32 5.60
QClow 7.5 7.52 ± 0.31 4.15 0.24 3.75 3.74 ± 0.30 8.03 −0.30
QCmed 150 146.22 ± 6.68 4.57 −2.52 75 73.71 ± 3.42 4.64 −1.72
QChigh 300 298.91 ± 12.52 4.19 −0.36 150 149.37 ± 5.27 3.53 −0.42

Both DTZ and DTZM were stable in plasma for 5 h at room temperature, for 27 h during the
chromatographic analysis (placed in autosampler) and for 97 days at −20 ◦C. There was no observed
degradation of the samples under three cycles of freezing and thawing.

Typical HPLC chromatograms of DTZ and DTZM in plasma are presented in Figure 2.
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3.3. Pharmacokinetics of Diltiazem and Its Metabolite

The individual and mean plasma level profiles of DTZ and DTZM after oral administration
of 120 mg of DTZ (two 60 mg Cardiazem® tablets) were relatively homogenously distributed in
the concentration–time space (Figure 3). The data could be interpreted as revealing three clusters,
i.e., three volunteers with high, one with low plasma levels, and the remaining 15 volunteers
having homogenously distributed profiles. The plasma concentrations of the metabolite DTZM were
approximately 20 times lower than those of the parent drug.

Figure 3. Individual and mean plasma concentration–time profiles for (a) DTZ and (b) DTZM after single
dose oral administration of 120 mg diltiazem (2 × 60 mg Cardiazem® tablets) to 19 healthy subjects.

The distribution of the areas under curves of the plasma concentration profiles after the
administration of 120 mg of DTZ in the 19 healthy volunteers was approximately normal (Figure 4).

Figure 4. Frequency distribution of AUC0–∞ for (a) DTZ and (b) DTZM after the oral administration of
120 mg of DTZ in 19 healthy subjects (the observed significance level p of the Shapiro–Wilk statistic W
(SW–W) indicates normality of the distribution (p < 0.05)).

The summary of the main pharmacokinetic parameters of DTZ and DTZM in the 19 healthy
volunteers, estimated by non-compartmental analysis, is presented in Table 3.
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Table 3. Summary pharmacokinetic parameters of DTZ and DTZM in healthy subjects estimated by
non-compartmental analysis.

Parameter
DTZ DTZM

Mean SD Mean SD

Cmax (ng/mL) 154 59.6 6.66 1.98
Tmax (h) 2.66 0.898 4 1.12
ke (1/h) 0.157 0.0237 0.074 0.0325
t1/2 (h) 4.51 0.655 11.2 5.25

3.4. Compartmental Modeling of Diltiazem and Its Metabolite Pharmacokinetics

The pharmacokinetics of DTZ and DTZM were evaluated based on compartmental modeling.
Based on work performed previously, it has been shown that the pharmacokinetics of the metabolites
usually follow a pseudomono-compartmental model [32–34]. The pharmacokinetic modeling of DTZ
and DTZM revealed that the mean plasma levels can be acceptably described by a one-compartment
model after introducing a short lag-time (Figure 5). The use of the two compartmental model was
just marginally better based on the Akaike and Schwarz criteria (Figure 6). Therefore, increase of the
number of the parameters was not selected, as models with a high number of parameters are highly
unstable, since small perturbations in the input data can lead to high differences in the solutions [23].

Figure 5. One-compartment pharmacokinetic modeling of DTZ mean plasma levels after oral
administration of 120 mg DTZ (2 × 60 mg Cardiazem® tablets) in 19 healthy subjects.

Figure 6. Pharmacokinetic modeling of DTZM mean plasma levels after oral administration of
120 mg DTZ (2 × 60 mg Cardiazem® tablets) in 19 healthy subjects. (a) One-compartment model;
(b) two-compartment model.
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The derived pharmacokinetic parameters from the one compartmental modeling of the mean
plasma levels of DTZ and DTZM after the oral administration of 120 mg DTZ are summarized in
Table 4.

Table 4. Pharmacokinetic parameters of DTZ and DTZM estimated by one-compartmental analysis of the
mean concentration–time profiles after the oral administration of 120 mg of DTZ to 19 healthy subjects.

Parameter DTZ DTZM

ke (1/h) 0.2861 0.0945
ka (1/h) 0.0655 0.492
Tlag (h) 0.36 0.162

Cmax (ng/mL) 120.5 6.04
Tmax (h) 2.51 4.20

AUC0–∞ (ng/mL·h) 800.9 94.66
t1/2 (h) 2.42 7.34

3.5. Model-Independent Estimation of In Vivo Absorption/Dissolution

The fractions of DTZ and DTZM absorbed over time as calculated by the Wagner–Nelson
equations are presented in Figure 7. As the parent drug and metabolite follow a one-compartmental
pharmacokinetic model (as presented in the previous section), this model independent deconvolution
approach with the Wagner–Nelson method can be successfully applied to the in vivo DTZ and DTZM
plasma concentration profiles.

   (a) (b) 

Figure 7. Fraction absorbed profiles calculated for (a) DTZ and (b) DTZM; observed: profiles
calculated based on estimation of elimination rate constant with non-compartmental analysis,
predicted: profiles calculated based on estimation of elimination rate constant with one-compartmental
pharmacokinetic modeling.

The fraction absorbed profiles calculated based on estimation of elimination rate constant with
both methods (non-compartmental analysis and one-compartmental pharmacokinetic modeling) were
similar for DTZ and DTZM, revealing that the method used for the estimation of the elimination
rate constant was robust. In the case of the DTZM, the elimination profile was simple and further
metabolism was not observed. Furthermore, given the more polar character of DTZM compared to
DTZ, its biliary excretion is less significant. Consequently, the variability of metabolite’s elimination
constant should be lower than that of the parent drug. This is an important argument for using the
metabolite plasma levels rather than those of the parent drug for estimating the in vivo dissolution of
the parent drug. The results obtained by following a Wagner–Nelson approach reflect the combination
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of the in vivo dissolution, absorption and metabolism of the parent drug. In this chain of processes,
the slowest process determines the overall result.

3.6. Correlation of Apparent Absorbed/Metabolized Fraction with In Vitro Dissolution of Diltiazem

Since it is not possible to estimate separately the in vivo dissolution, gastric empting, absorption,
and metabolism of the parent drug, a mechanistic approach is not realistic. Therefore, an empirical
approach was followed. The “apparent fraction absorption” calculated from plasma levels of DTZ
and DTZM was correlated with the in vitro dissolution of DTZ. A Level A correlation between in vitro
dissolution and estimated in vivo dissolution starting from the parent drug and its metabolite plasma
level was achieved (Figure 8). Both correlations were linear, with correlation coefficients greater
than 0.98.

Figure 8. In vitro–in vivo correlation (IVIVC) model for DTZ (�) and DTZM ( ).

The slope of the IVIVC model based on “metabolite pharmacokinetics—dissolution of parent
drug” is close to 1, suggesting a superposition of the in vitro dissolution with the in vivo estimated
absorption/dissolution from the pharmacokinetics of the metabolite.

4. Discussion

Considering the pharmacokinetics of drugs that undergo substantial metabolism, that would
be classified as BDDCS (Biopharmaceutics Drug Disposition Classification System) Class 1 and 2
compounds [35], the following essential sequence should be considered: in vivo dissolution (correlated
with the in vitro dissolution), absorption, and metabolism of the parent drug.

Since the rate and extent of absorption, and the metabolism are usually high, the slowest
rate-determining step for the kinetics of entire process remains the release/dissolution of the parent
drug from the pharmaceutical formulation. Consequently, the rate of metabolite appearance in
the plasma is determined by the rate and extent of parent drug release and dissolution from the
pharmaceutical formulation (Figure 9).

Since DTZ is lipophilic (logP 2.79) [31], the transfer rate constant from blood to peripheral
compartments is higher than the reverse transport. The rate of return of DTZ to the blood would be
small and could be neglected, and the transfer from the blood to the peripheral compartments can be
integrated in a total elimination rate constant of the parent drug, kpd

e (Figure 10).
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Figure 9. Schematic of processes involved in the pharmacokinetics of drugs that undergo
substantial metabolism.

Figure 10. Simplified compartmental model describing the pharmacokinetics of DTZ and DTZM.

If the elimination of the metabolite is not rate limiting (that is when the slowest step is the
elimination of the parent drug), the terminal half-life of the metabolite is the same or lower than the
terminal half-life of the parent drug. This would be expected, as one of the “objectives” of metabolism is
the transformation of drugs in more polar components, for an easier elimination. A one-compartment
model can describe the pharmacokinetics of the metabolite, based on the following equation for
extravascular administration: cm(T) = Ae−kaT + Be−km

e T. The apparent absorption rate constant ka is
a function of the in vivo dissolution, absorption, distribution, metabolism, and elimination of the
parent drug, and km

e is the elimination rate constant for the metabolite. Consequently, it is expected
that in vitro dissolution of parent drug - in vivo pharmacokinetics of metabolites correlations are
possible for these drugs, and that these correlations account for the entire chain of in vivo processes,
i.e., dissolution, absorption, metabolism of the parent drug, and direct appearance of the metabolite in
the plasma.

The success of the correlation between the in vitro and in vivo dissolution would depend on the
in vitro dissolution method. The good correlations between the in vitro dissolution of DTZ and the
apparent absorption of DTZ, suggest that the rate determining process is the in vivo dissolution of the
parent drug. In this study a successful prediction of DTZ pharmacokinetics after a single dose based
on in vitro data only could be achieved.

5. Conclusions

Pharmacokinetic modeling of DTZ and DTZM mean plasma levels suggests a one-compartmental
behavior. In the case of DTZ and, more generally, in the case of compounds subjected to extensive
metabolism (BDDCS Class 1 and Class 2 compounds), the in vivo dissolution, absorption, metabolism
of the parent drug, and the elimination of the metabolite would take place. Since the rate of absorption
and the metabolism of BDDCS Class 1 and Class 2 compounds drugs are usually high, the rate of the
appearance of the metabolites in the plasma is determined by the rate and extent of parent drug release
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from the pharmaceutical formulation. Under these conditions, a deconvolution method, similar to
that of Wagner–Nelson method, can be applied to calculate the absorption and in vivo dissolution
of a parent drug starting from the plasma levels of one of its metabolites. The correlation of the
estimated in vivo dissolution curves with the in vitro dissolution curves proved to be linear, and in
the case of the metabolite a very good superposition of the in vivo and in vitro dissolution kinetics
was achieved. Upon further validation with more drugs, this type of correlations could be used for
drugs with extensive metabolism, in which the plasma levels of the active metabolites that follow
pseudomono-compartmental kinetics are higher than those of the parent drug.
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Abstract: The present work aimed to explain the differences in oral performance in fasted humans who
were categorized into groups based on the three different drug product formulations of dexketoprofen
trometamol (DKT) salt—Using a combination of in vitro techniques and pharmacokinetic analysis.
The non-bioequivalence (non-BE) tablet group achieved higher plasma Cmax and area under the curve
(AUC) than the reference and BE tablets groups, with only one difference in tablet composition, which
was the presence of calcium monohydrogen phosphate, an alkalinizing excipient, in the tablet core
of the non-BE formulation. Concentration profiles determined using a gastrointestinal simulator
(GIS) apparatus designed with 0.01 N hydrochloric acid and 34 mM sodium chloride as the gastric
medium and fasted state simulated intestinal fluids (FaSSIF-v1) as the intestinal medium showed
a faster rate and a higher extent of dissolution of the non-BE product compared to the BE and
reference products. These in vitro profiles mirrored the fraction doses absorbed in vivo obtained from
deconvoluted plasma concentration–time profiles. However, when sodium chloride was not included
in the gastric medium and phosphate buffer without bile salts and phospholipids were used as the
intestinal medium, the three products exhibited nearly identical concentration profiles. Microscopic
examination of DKT salt dissolution in the gastric medium containing sodium chloride identified that
when calcium phosphate was present, the DKT dissolved without conversion to the less soluble free
acid, which was consistent with the higher drug exposure of the non-BE formulation. In the absence
of calcium phosphate, however, dexketoprofen trometamol salt dissolution began with a nano-phase
formation that grew to a liquid–liquid phase separation (LLPS) and formed the less soluble free acid
crystals. This phenomenon was dependent on the salt/excipient concentrations and the presence of
free acid crystals in the salt phase. This work demonstrated the importance of excipients and purity of
salt phase on the evolution and rate of salt disproportionation pathways. Moreover, the presented data
clearly showed the usefulness of the GIS apparatus as a discriminating tool that could highlight the
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differences in formulation behavior when utilizing physiologically-relevant media and experimental
conditions in combination with microscopy imaging.

Keywords: gastrointestinal absorption; dexketoprofen; gastrointestinal simulator; microscopy
imaging; liquid–liquid phase separation; oral absorption; in vitro dissolution

1. Introduction

The development of generic oral drug products containing dexketoprofen trometamol (DKT, weak
acid salt, Biopharmaceutics Classification System (BCS) class 1 drug) is challenging as the reference
product does not dissolve rapidly. Since the dissolution of the reference product is not complete (<85%)
in 30 min in the paddle apparatus at 50 rotations per minute (rpm) in any of the Biopharmaceutics
Classification System’s (BCS) buffer media, a biowaiver approach is currently not permitted [1,2].

In Spain, three out of four formulations of DKT tablets failed the first in vivo bioequivalence
(BE) study [3]. These products were previously tested with the European Medicines Agency (EMA)
dissolution method requested for biowaiver applications, i.e., performing dissolution tests in USP-2
apparatus at 50 rpm with different buffers at pH 1.2, 4.5, and 6.8. Garcia-Arieta and co-workers showed
the relevance of the agitation rate (50 rpm versus 75 rpm) on the dissolution profile outcomes [3].
Dissolution profiles of one DKT product using USP apparatus 2 (pH 1.2, 4.5, and 6.8) exhibited profiles
(f 2 < 50) that were not similar to in vivo BE. Another product exhibited in vitro BE (f 2 > 50) but failed
the in vivo BE study. Therefore, the USP apparatus 2 did not reflect the in vivo BE outcome.

The aim of this work was to determine the reasons for the differences in dissolution behavior between
bioequivalent (BE) and non-bioequivalent (non-BE) DKT products. First, a physiologically-relevant,
multi-compartmental dissolution apparatus, the gastrointestinal simulator (GIS), was evaluated to
ascertain whether it could reflect the in vivo BE outcomes. Both the DKT products as well as the
reference product were studied in the GIS. In the second step, salt to free acid precipitation pathways
during dissolution of DKT were examined by inverted microscopy to identify the factors that influenced
drug precipitation.

2. Materials and Methods

2.1. Chemicals

Three different formulations were tested in the GIS and USP-2 apparatus: the reference Spanish
marketed product (Enantyum®, Laboratorios Menarini S.A., Barcelona, Spain) and two generic drug
products. Acetonitrile was obtained from VWR International (West Chester, PA, USA). Methanol
(MeOH), HCl, and trifluoroacetic acid (TFA) were purchased from Fisher Scientific (Pittsburgh, PA,
USA). NaOH, NaCl, and NaH2PO4.H2O were received from Sigma-Aldrich (St. Louis, MO, USA).
Purified water (i.e., filtrated and deionized) was used in the analysis methods and in dissolution
studies to prepare the dissolution media (Millipore, Billerica, MA, USA). Simulated intestinal fluid
(SIF) powder was obtained from Biorelevant (Croydon, UK).

Table 1 represents the qualitative composition for each formulation in terms of excipients and
coating material.

The main difference between both test products is that there is calcium phosphate in the tablet
core of the non-BE product.
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Table 1. Qualitative differential composition of the reference marketed drug product and the test
products. The ingredients in bold are the added excipients to the core or the coating of the tablet for
both test products, which was not presented in the reference marketed drug product.

Dexketoprofen 25 mg (as Dexketoprofen
Trometamol 36.9 mg) Film-Coated tablets

Qualitative Composition of Excipients

Reference marketed drug product (Enantyum®)

Core: microcrystalline cellulose, maize starch, glycerol distearate,
sodium starch glycolate

Coating: hypromellose, titanium dioxide, polyethylene glycol (PEG) 600,
and propylene glycol

Test product (bioequivalence (BE))

Core: microcrystalline cellulose, maize starch, glycerol distearate,
sodium starch glycolate, magnesium stearate and colloidal silica *

Coating: hypromellose, titanium dioxide, polyethylene glycol (PEG) 600,
propylene glycol, macrogol 6000 and talc

Test product failing BE study (Non-BE)

Core: microcrystalline cellulose, maize starch, glycerol distearate,
sodium starch glycolate, magnesium stearate, colloidal silica and

calcium monohydrogen phosphate
Coating: hypromellose, titanium dioxide, polyethylene glycol (PEG) 600,

and propylene glycol, macrogol 6000 and talc

* The ingredients that listed in bold in Table 1 represent the differences between the test and reference products.
These excipients were not included in the marketed reference product.

2.2. Design of the In Vitro Dissolution Studies Performed with the GIS

The GIS is a three-compartmental dissolution device, which consists of (i) a gastric chamber
(GISstomach), (ii) a duodenal chamber (GISduodenum), and (iii) a jejunal chamber (GISjejunum). The design
of the GIS is depicted in Figure 1.

 
Figure 1. Setup and design of the gastrointestinal simulator (GIS) that was applied to test the different
formulations of dexketoprofen trometamol (DKT) in fasted state conditions. Figure adopted from Hens
and Bermejo et al. [4] with permission. Copyright Elsevier 2018.

The different dissolution protocols that were applied to test the different formulations in the
multicompartmental GIS device are shown in Tables 2 and 3. Table 2 represents the dissolution experiments
that were performed in the absence of NaCl (i.e., Protocol 1). The gastric chamber contained simulated
gastric fluid (SGF) and the duodenal compartment contained phosphate buffer, pH 6.8 (50 mM).
We will refer to this test condition as the standard dissolution “Protocol 1” throughout the manuscript.
To explore the impact of endogenous constituents present in the stomach (i.e., NaCl) and in the small
intestine (i.e., bile salts and phospholipids), Protocol 2 was developed. In that case, the impact of NaCl
on the conversion from salt to free acid could be investigated in the gastric compartment (i.e., acidic
pH), and how the created solution concentrations will further behave in the duodenal compartment
in a more biorelevant setting. Table 3 represents a higher level of biorelevant dissolution testing by
using SGF in the gastric compartment in the presence of NaCl. The duodenal compartment contains
fasted state simulated intestinal fluid (FaSSIF-v1). We will refer to this test condition as the standard
dissolution “Protocol 2” throughout the manuscript.
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Table 2. Overview of dissolution media, initial volumes, and secretion rates applied in the gastrointestinal
simulator (GIS) device for the first set of standard dissolution experiments (i.e., standard dissolution
settings). The jejunal compartment was empty at the start of the experiment.

Fasted State Test Condition
Protocol 1

GISstomach GISduodenum

Dissolution media Simulated gastric fluid (SGF),
pH 2.0, 0.01 M HCl Phosphate buffer, pH 6.8–50 mM

Initial volume 50 mL SGF + 250 mL of tap water 50 mL

Secretions 1 mL/min of SGF 1 mL/min of phosphate buffer,
pH 6.8–100 mM

Table 3. Overview of dissolution media, initial volumes, and secretion rates applied in the GIS device
for the second set of dissolution experiments with a higher level of biorelevance by adding NaCl
to SGF and by adding sodium taurocholate and lecithin to the phosphate buffer in order to obtain
fasted state simulated intestinal fluids (FaSSIF-v1). The jejunal compartment was empty at the start of
the experiment.

Fasted State Test Condition
Protocol 2

GISstomach GISduodenum

Dissolution media Simulated gastric fluid (SGF), pH 2.0,
0.01 M HCl + 34.2 mM NaCl FaSSIF-v1 (pH 6.5)

Initial volume 50 mL SGF + 250 mL of tap water 50 mL

Secretions 1 mL/min of SGF 1 mL/min of 4 times concentrated
FaSSIF-v1 (4x FaSSIF-v1)

The above-mentioned formulations were introduced into the GISstomach at the start of the
experiment. Gastric emptying was set to a first-order kinetic process with a rate corresponding
to a gastric half-life of 13 min, in accordance with the reported half-life in humans for liquids, ranging
from 4 to 13 min [5]. Duodenal volume was kept constant at 50 mL by balancing the input (i.e., gastric
emptying and duodenal secretion) with the output flow. The jejunal compartment was empty at the
beginning of the experiment. Fluid from GISstomach was transferred to the GISduodenum and then to the
GISjejunum with the aid of two Ismatec REGLO peristaltic pumps (IDEX Health and Science, Glattbrugg,
Switzerland). Same pumps were used for the gastric and duodenal secretion fluids. All peristaltic
pumps were calibrated prior to the start of the experiment. The CM-1 overhead paddles (Muscle
Corp., Osaka, Japan) stirred at a rate of 20 rpm in the gastric and duodenal chambers. For every 25 s,
a high-speed, quick burst (500 rpm) was cyclically repeated to mimic gastrointestinal (GI) contractions
and to homogenize the compartment facilitating the solid particle transfer from one chamber to the
next one. The jejunal chamber was stirred with a magnetic bar at an approximate rate of 50 rpm. All
experiments were performed at 37 ◦C. After 60 min, pumps were shut down as the gastric content
was emptied. Concentrations in the GISduodenum and GISjejunum were still measured up to 120 min.
Samples were withdrawn from the GIS compartments at predetermined time-points up to 120 min in
order to measure the dissolved amount of DKT. The pumps and overhead paddles were controlled by
an in-house computer software program. Solution concentrations were determined by centrifuging
300 μL of the withdrawn sample for 1 min at a speed of 17,000 g (AccuSpin Micro 17, Fisher Scientific,
Pittsburgh, PA, USA). After centrifugation, 100 μL of the supernatant was diluted 1:1 with MeOH, and
the MeOH sample was diluted 1:1 again with 0.1 N HCl and transferred to high performance liquid
chromatography (HPLC) capped vials. All obtained samples were analyzed by HPLC (see below
Section 2.8).

2.3. Design of the In Vitro Dissolution Studies Performed with USP-2

To investigate the impact of each region of the human GI tract separately, single-compartmental
dissolution studies were performed. Dissolution studies in the USP-2 (paddle) apparatus were
performed at 37 ◦C and 30 rpm in 500 mL of fluid. Three tablets of each formulation were tested in four
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different media: (1) FaSSIF-v1 at pH 6.5; (2) 0.01 N HCl (pH 2); (3) 0.01 N HCl + 34 mM NaCl; and (4)
0.01 N HCl + 135 mM. The concentrations of Na+ and Cl− measured in human gastric fluids are equal
to 68 ± 29 mM and 102 ± 28 mM, respectively [6]. Samples of 500 μL were taken and immediately
centrifuged and diluted as described previously.

2.4. In Silico Deconvolution to Obtain In Vivo Bioavailability Input Rate

Intravenous pharmacokinetic data were obtained from Valles and co-workers [7]. A two-
compartmental pharmacokinetic (PK) open model was fitted to the data to get DKT disposition
constants as depicted in Table 4.

Table 4. Disposition parameters of DKT for a two-compartmental pharmacokinetic (PK) model: V1
represents the central compartment volume; K10 represents a first-order elimination rate constant;
K12 and K21 reflect the two rate constants distributing the drug between the peripheral and central
compartment, respectively.

Parameter Unit Value Standard Error CV%

V1 mL 3549.53 201.23 5.67

K10 1/h 1.64 0.08 5.14

K12 1/h 0.93 0.13 14.34

K21 1/h 0.96 0.09 8.91

PK parameters were used to apply Loo–Riegelman mass balance deconvolution method in order
to obtain the plots of bioavailable fractions versus time profile of all the assayed formulations. As oral
plasma data were obtained from different BE studies, the plasma concentration–time profiles for all
test formulations were normalized using the reference formulations ratios at each time point between
both BE studies [8,9]. Similar normalization results were obtained by using the area under the curve
(AUC) references ratios (data not shown).

2.5. Description of the Two-Step In Vitro–In Vivo Correlation (IVIVC)

Fractions dissolved in jejunal chambers of each formulation were used to develop the two-step
IVIVC. To estimate the fractions dissolved, the maximum amount of DKT dissolved among the
three formulations was used to transform amounts into fractions. Bioavailable fractions obtained by
Loo–Riegelman method of each formulation at each time point versus the fractions dissolved of the
corresponding formulation at the same time points were represented. For non-coincident sampling
times in vitro versus in vivo, the corresponding dissolved or absorbed fractions were estimated by
linear interpolation between the previous and next time point. The obtained IVIVC relationship was
internally validated—theoretical fractions absorbed were calculated from the experimental fractions
dissolved by using the IVIVC equation. The fractions absorbed were back-transformed toward
concentrations by applying Equation (1) [10].

CT =
(XA)T

Vc
− (XP)T−1

Vc
e−K21Δt + CT−1K12

Δt
2 − CT−1

K12
K21

1 − e−K21Δt − CT−1Kel
Δt
2

−AUCT−1
Kel
1 + K12

Δt
2 + Kel

Δt
2

(1)

where CT is the plasma concentration at time t; CT−1 is the plasma concentration at the previous
time point (T − 1); (XA)T is the absorbed amount at time t; (XP)T−1 is the amount in the peripheral
compartment at the previous sampling time; Δt is the time interval between two consecutive sampling
times; Vc is the central compartment volume; K12 and K21 are the distribution constants and Kel
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the elimination rate constant from the central compartment. The peripheral “concentrations” were
estimated with Equation (2) [11]:

Pt = K12·e−K21·t·
∫ t

0
C·eK21·t∂t (2)

where K12 and K21 are the values obtained previously from literature in Table 4.
The predicted plasma levels were used to estimate plasma Cmax and AUC predicted values to be

compared with the experimental ones and to estimate the relative prediction error (Equation (3)):

RE% = 100 ×
(

experimental value − predicted value
experimental value

)
(3)

2.6. Evaluation of DKT to Free Acid Conversion Pathways/Kinetics During Salt Dissolution

DKT to free acid conversion was studied in situ by optical microscopy. The studies were conducted
at room temperature (22–23 ◦C) using an inverted optical microscope (Leica DMi8, Wetzlar, Germany)
and 10×, 20×, or 40× magnification objective lenses. An inverted microscope has the advantage of a
long focal length that allows examination of the phases formed during dissolution without having to
remove the solution. Two concentration levels of both DKT and excipients were studied by varying
the amount of DKT and excipients added to 96-well plates followed by the addition of 300 μL of
hydrochloric acid (pH 2 (0.01 M) and 34.2 mM NaCl) with pre-dissolved tablet excipients. The influence
of excipients was determined by dissolving formulation excipients in the dissolution media prior
to DKT salt addition. The high concentration level (CH) corresponds to 685 ± 23 μg of salt added
to a 300 μL aliquot of a solution of 1 tablet dissolved in 20 mL, whereas the low concentration (CL)
corresponds to 38 ± 1 μg of salt added to a 300 μL aliquot of 1 tablet dissolved in 300 mL. From that
point of view, the high concentration (CH) is 18 times higher than the low concentration (CL).

Brightfield images were collected with a Leica DMC2900 camera controlled with LAS v4.7 software
(Leica Microsystems, Wetzlar, Germany). Solid particles of the free acid were added at two different
levels, representing <3% (w/w) and 3% (w/w) relative to the total amount of salt present in the well.
In that way, the influence of salt purity on drug precipitation could be determined.

2.7. Solubility and pHmax Determination

Drug solubility was measured by adding the DKT to solutions at various pH values and stirring
at 37 ◦C for 24 h. The pH was adjusted by adding HCl or NaOH to the solutions. Solubility values
were used to calculate the salt solubility product, Ksp, according to the following equation

Ksp =
[
DK−][TH+

]
(4)

where [DK−] represent the concentration of ionized drug and [TH+] represents the concentration of
counterion. The pHmax was calculated from the intersection of the DKT and free acid solubility curves
generated according to equations presented in the results section. The pHmax refers to the pH where
both the DKT and free acid have equal solubilities.

2.8. Concentration Analysis of DKT by HPLC

DKT concentrations in the samples were measured by HPLC-UV (Hewlett Packard series 1100
HPLC Pump combined with Agilent Technologies 1200 Series Autosampler). A volume of 75 μL
was injected into the HPLC system (Waters 515 HPLC Pump with Waters 717 Autosampler). DKT
was detected with an UV lamp at 262 nm (Water 996 Photodiode Array Detector). The mobile phase
consisted of 60:40 mixture of acetonitrile and purified water A (both containing 0.1% TFA). Stationary
phase was a C-18 Agilent Eclipse XDB (4.6 × 150 mm; 3.5 μm). Elution flow was 1 mL/min and
retention time for DKT was 3.95 min. Calibration curves were made in mobile phase based on a stock
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solution of DKT in methanol. Linearity was observed between 1.5 μg/mL and 300 μg/mL covering
all the experimental sample values. The observed peaks were integrated using Millenium software
(Agilent Technologies, County of Santa Clara, CA, USA). The developed analytical method met the
standards for precision and accuracy.

2.9. Data Analysis and Presentation

Dissolution profiles of DKT in all GIS compartments were plotted either as drug concentration
or mass of drug versus time (average ± standard deviation; n = 4). Dissolution profiles from USP-2
experiments were represented as the fraction dose dissolved versus time (average n = 3).

3. Results and Discussion

3.1. Solubilities and Solution Stabilities of DKT and Free Acid Solid Forms as a Function of pH

Dexketoprofen is a lipophilic (LogP 3.61) weak acid with pKa of 4.02 at 37 ◦C [12,13]. The DKT
salt was developed to enhance its solubility over the free acid and improve dissolution in the GI tract.
Salt formation is a well-known strategy to increase the solubility of either lipophilic weak acids or bases
in order to improve oral absorption. Nevertheless, the expected benefits of forming a salt may not work
if the level of supersaturation leads to drug precipitation to the free acid or base, thereby reducing the
drug exposure levels for absorption [14–16]. The “supersaturation/precipitation interactive process”
depends on the characteristics of the weak acid or base and, not unimportant, on the dissolution
study design with respect to media composition and hydrodynamics that will determine the bulk and
interfacial pH around the dissolving particles.

Figure 2. Solubility−pH dependence of free acid and DKT salt indicating the stability regions for salt
and free acid solid-state forms and the conditions under which dissolution-precipitation microscopy
studies were carried out. Salt has a pHmax of 6.7 below which supersaturation with respect to free
acid can occur. Two salt concentrations were studied: CL represents the low dose concentration. CH

represents a higher concentration of 18x CL, as described in the Materials and Methods section. Arrows
represent the pH changes that different salt formulations experienced. Green X represents initial
concentration and pH. As the salt dissolves, the bulk pH increased to 2.7 ± 0.2 (orange X) for the
bioequivalence (BE) and reference formulation excipients, whereas the pH increased up to 5.3 (orange+)
for the non-bioequivalence (non-BE) formulation excipients. Solubility curve for salt (red line) was
calculated from Equation (6), using Ksp and pKa,DK reported in the text and pKa,T = 8.1 [17]. The free
acid solubility curve (blue line) was calculated according to Equation (7). Open circles represent DK
measured solubilities at 37 ◦C. The dashed red line represents supersaturated conditions with respect
to DK if solutions are saturated with salt.

The influence of pH on the stability of the DKT salt and DK free acid was determined by examining
the solubility-pH profiles presented in Figure 2. These results show that DKT salt has a pHmax at
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6.7, where both salt and free acid have equal solubilities; thus, both phases are stable. Below pHmax,
the salt is more soluble than the free acid, and generates supersaturation with respect to the acid.
Supersaturation is expressed as the ratio of salt to free acid solubility, Ssalt/Sacid/intrinsic. The lower the
pH below pHmax, the higher is the supersaturation that the salt may generate, and the higher is the
driving force for salt to free acid conversion. On the other hand, the salt is stable at pH ≥ pHmax.

Given the salt solubility at pHmax and the free acid S0 values, supersaturation with respect to free
acid can be very high (>500) causing drug precipitation and depletion of drug concentration levels.
Salt to drug conversions were examined by microscopy at two salt concentrations, one equivalent to
the dose and one higher, as indicated in the graph. Although at CL the bulk solution is undersaturated
with respect to free acid, the salt particles can exhibit supersaturation at the salt/liquid interface as
this region is saturated with respect to salt. The solubility−pH profiles for the salt and the free acid
were generated according to equations derived from the solution chemistry equilibria. For the salt,
the equilibrium reaction is

DK−TH+ Ksp↔ DK− + TH+ (5)

The equilibrium constant for this reaction is the salt solubility product (Ksp) given by Equation (4).
Ksp of DKT was determined to be 4.96 × 10−1 M2, from the measured [DK−] or salt solubility, Ssalt =
7.04 × 10−1 M at pH 6.8. While Ksp is constant with pH, salt solubility is not, and its dependence on
pH is given (assuming no precipitation of protonated dexketoprofen and no solubility-limiting effect
by other ions in the medium) by

Ssalt =
√

Ksp
(
1 + 10pKa,DK−pH)(

1 + 10pH−pKa,T
)

(6)

where Ka,DK and Ka,T are the acid and base dissociation constants of the salt constituents. For the free
acid, the solubility in terms of pH is expressed by

Sacid = S0

(
1 + 10pH−pKa,DK

)
(7)

where S0 is the intrinsic solubility of the free acid, determined to be 1.36 × 10−3 M. The pHmax was
also calculated applying the following equation:

pHmax = pKa,DK + log
√

Ksp

S0
(8)

obtained by solving Equations (6) and (7) for pH when Ssalt = Sacid at pKa,DT < pH < pKa,T, under
conditions where both drug and counterion are fully ionized. The pHmax value of 6.7 obtained by this
equation is equal to that obtained graphically because trometamol is still almost completely ionized at
this pH.

3.2. Formulation Performance of the DKT Formulations in the GIS with Protocols 1 and 2

Since the GIS can incorporate the dynamic shift in fluid pH and composition as the dosage form
transits from the stomach to the intestine, it has previously shown utility in predicting the in vivo
performance of weak bases [4,18–22]. In this study, GIS dissolution experiments were performed using
two different protocols, representing two different medium compositions in the gastric and intestinal
compartments. Whereas Protocol 1 contained SGF in the gastric compartment and pH 6.8 phosphate
buffer in the intestinal compartments, in Protocol 2, sodium chloride was added to SGF in the gastric
compartment and FaSSIF-v1 was added to the intestinal compartment. Figures 3 and 4 include the
observed solution DKT concentrations as a function of time for the three different formulations as
tested in the GIS device, applying Protocol 1 and Protocol 2, respectively.
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Figure 3. DKT concentrations (left panels) and amounts in solution (right panels) in the GISstomach,
GISduodenum, and GISjejunum vessels obtained with Protocol 1 with HCl 0.01M in GISstomach and
phosphate buffer 50 mM (pH 6.8) in the duodenal chamber (n = 3). Standard deviations overlap over the
three profiles and they are not shown. Dotted lines are included to facilitate visual profile comparison.

Remarkably, differences in dissolution behavior were observed in the gastric compartment of the
GIS apparatus in the presence and absence of NaCl. When NaCl was absent from the gastric medium
(Protocol 1), the gastric dissolution profiles did not discriminate between the three formulations.
However, when NaCl was added to the gastric medium (Protocol 2), differentiation was observed
between the formulations, whereby the non-BE formulation dissolved earlier and to a great extent,
as was observed in vivo (deconvoluted profiles). The addition of NaCl to SGF resulted in observed
differences in the disintegration behavior in the gastric chamber as discussed further in the next section.
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Figure 4. DKT concentrations (left panels) and amounts in solution (right panels) in the GISstomach,
GISduodenum, and GISjejunum vessels obtained with Protocol 2 with NaCl in GISstomach at 34 mM and
FaSSIF-v1 in the duodenal chamber. Experimental data were shown as mean ± SD (n = 4). Dotted lines
are included to facilitate visual profile comparison.

The differences in dissolution rates across the three formulations as observed in the GISstomach
with Protocol 2 were maintained after the transfer to the duodenal chamber. Finally, the GISjejunum

accumulated the differences and the jejunum cumulative dissolution profiles of the three assayed
formulations followed the same trend as the oral fractions absorbed obtained from deconvolution of
plasma profiles, as depicted in Figure 5.
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Figure 5. Bioavailable DKT fractions obtained from plasma levels through Loo–Riegelman deconvolution.

Measured DKT concentrations in the GISstomach were the result of the balance between the
supersaturation factor of DKT promoted by the salt and the precipitation of the free acid. That balance
evolved differently in the presence or in the absence of NaCl. Potential reasons for these observations
are the differences in solubility of sodium dexketoprofen versus the trometamol salt and the increased
solubility of calcium monohydrogen phosphate in the presence of NaCl. After transfer to the duodenal
chamber, a reflection of the gastric dissolution profiles was observed in the FaSSIF-v1 media, using
Protocol 2. In Protocol 1, no differences between dissolution profiles were observed in the duodenal
chamber. It could be due to the fact that the three formulations already behaved similarly in the
GISstomach but, on the other hand, the higher buffer strength of the 50 mM phosphate buffer used
in Protocol 1 readily promoted DKT dissolution hiding the effect of calcium phosphate on solid
surface pH.

As for why did the differences between the studied formulations appear with Protocol 2 but
not Protocol 1, the USP paddle dissolution results in FaSSIF-v1, shown in Figure 6, indicate that the
incorporation of NaCl into the simulated gastric fluid rather than the use of FaSSIF-v1 is the primary
reason. This is rather intriguing due to the low NaCl molarity present in the GISstomach owing to the
six-fold dilution with water. Applying the ionic strength and activity coefficient calculations shows
that any effect on the DKT and/or calcium phosphate behavior would be marginal at those NaCl
concentrations. Our current hypotheses for possible causes have not yet been experimentally tested.
Therefore, additional future studies are planned to investigate the possible causes behind this effect.

3.3. The Impact of NaCl on Disintegration and Dissolution

Results of the dissolution experiments in the USP-2 apparatus using four different media
(FaSSIF-v1 at pH 6.5; 0.01 N HCl (pH 2); 0.01 N HCl + 34 mM NaCl; and 0.01 N HCl + 135 mM),
which were designed to explore the impact of NaCl on formulation disintegration/drug dissolution,
are depicted in Figure 6. The different concentrations of NaCl cover the observed values as observed
in the human stomach [6].
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Figure 6. Amounts of DKT in micrograms dissolved in USP-2 apparatus (500 mL; 50 rpm) in acidic
media (HCl 0.01M pH = 2) at different levels of NaCl content and in FaSSIF-v1 media. Data are
presented as means (n = 3).

The presence of NaCl mainly affected the disintegration and dissolution process of the non-BE
formulation resulting in an enhanced dissolution rate in the presence of NaCl, which was not
observed for the BE-formulation and the reference drug product. While performing these dissolution
experiments, remarkable differences in disintegration behavior could also be observed between the
non-BE formulations and the other two formulations.

The faster dissolution of DKT from the non-BE formulation compared to the other formulations
under Protocol 2 is most likely related to the high content of calcium phosphate in the tablet core
of the non-BE formulation, which is not present in the other formulations. This high level of
calcium phosphate in the tablet core of the non-BE formulation can increase the pH at the solid
surface accelerating the dissolution of DKT and also facilitating tablet disintegration. Modulation
of microenvironmental pH has been shown as an effective strategy to modulate the dissolution rate
of GDC-0810, a weak acid of an oral anticancer drug, by using sodium bicarbonate to change solid
surface pH [23]. This same strategy of using pH-modifiers has been proposed as a release modulating
mechanism in solid dispersions [24] and other immediate-release dosage forms [25]. Solid surface
pH data was not obtained in these dissolution experiments and bulk pH values of the media during
dissolution experiments were available only in GISstomach at 13 min with Protocol 2. At that time,
the non-BE formulation containing calcium phosphate presented a pH of 3.5, 1 unit higher than
the pH of the reference and BE formulation that was approximately 2.5. Calcium phosphate can
increase the pH at the solid surface of the drug-excipients particles, then increasing DKT solubility, and
consequently decreasing the degree of supersaturation, which will, subsequently, prevent or reduce
the precipitation gradient [25]. Besides calcium phosphate, FaSSIF-v1 surfactants seem to play a major
role in the supersaturation/free acid precipitation balance as it has been reported for other ionizable
compounds [26–28].
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3.4. In Vitro–In Vivo Correlations (IVIVC) for the Different Drug Products

When fractions absorbed of the three formulations were plotted against the fractions dissolved in
jejunal chamber when Protocol 2 was applied, a single relationship was obtained, indicating dissolution
was the limiting factor for DKT systemic input (Figure 7).

 

Figure 7. Invitro–invivo correlation (IVIVC) level A. (Top left plot) Human plasma levels of DKT after
oral administration of the reference product (Enantyum®) and two test formulations from two BE trials.
Concentrations of test products were normalized using the ratio of reference concentrations. Plasma
levels are shown up to 2 h to highlight Cmax differences. (Top right plot) Non-linear IVIVC plotting
fraction absorbed versus fraction dissolved. (Bottom plots) Internal validation through prediction of
plasma levels for each formulation.

Nevertheless, the obtained relationship is not linear but curved due to a time-scale shift from
in vivo to in vitro. In vivo dissolution and, consequently, absorption is faster than what was simulated
in vitro. A time-scaling approach was not considered to be necessary as the time shift was less than
30 min and the non-linear equation presented a good predictive performance. The reason for the
slight time shift could be the fact that jejunal dissolved amounts were used while in vivo dissolution/
absorption from duodenum can play a relevant/significant role. The internal validation of the obtained
IVIVC was done by estimating fractions absorbed from the experimental dissolved ones using the
obtained non-linear equation and then back-transforming fractions absorbed in plasma levels. Relative
prediction errors of plasma Cmax and AUC were lower than 10% for all the formulations (Table 5).
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Table 5. Experimental and predicted plasma Cmax and area under the curve (AUC) values for all DKT
formulations and relative prediction errors.

Cmax Exp ng/L Cmax Pred ng/L RE% AUC Exp ng/L*h AUC Pred ng/L*h RE%

Reference 2430.6 2576.3 –5.99 2497.3 2520 –0.92

Non-BE 3177.3 3062.5 3.61 2785.7 2739 1.69

BE 2478.5 2491.9 –0.54 2626 2538 3.35

Average 3.38 1.98

3.5. Differences between Drug Salt to Free Acid Conversions for BE and non-BE Formulations

Drug exposure levels are influenced by the kinetics of salt dissolution and drug precipitation as
well as the evolution of drug phases. Microscopic examination of salt dissolution in pH 2 identified
two main pathways depending on the formulation excipients: (1) salt dissolved without conversion in
the presence of calcium phosphate as one of the excipients (non-BE formulation), (2) salt dissolution
formed a nano-phase that grew to spherical and island morphologies that converted to free acid
crystals (Figure 8). The time course of the second pathway was dependent on the salt/excipient
concentration and the presence of free acid crystals in the salt phase.

Figure 8. Diagram showing the DKT transformations to DK drug phases during dissolution. A more
soluble drug phase appears first as liquid–liquid phase separation (LLPS), followed by a less
soluble crystalline phase. The kinetics and pathways of these transformations are dependent on
salt concentration, formulation excipients and level of drug phase impurity in the salt phase.

Shown in Figure 8 is the precipitated phase that appears as non-coalescing drops suspended in the
dissolution media. This phase surrounds the fast dissolving salt particles, within seconds. Conversion
of this fine precipitate to drug crystals was observed after 2 min or longer (up to 1 h) depending on
initial salt concentration, formulation excipients, and presence of drug impurity in salt.

The massive phase separation appears initially hazy as its size is in the submicron range and
below the level of detection of the microscope. This phenomenon has been referred to as spinodal,
oiling out, or liquid–liquid phase separation (LLPS), consistent with that observed for other weakly
basic drugs under high supersaturations, such as ritonavir [29–33]. The supersaturations with respect
to drug, generated at the surface of the dissolving DKT salt particles are very high (>500 at pH 2) based
on the solubilities of the salt and drug forms shown in Figure 2. While the interfacial pH was not
evaluated, the surface of the dissolving salt is saturated with respect to the salt and generates much
higher supersaturations than those in the bulk dissolution media. In fact, the appearance of LLPS
occurred even when the bulk solution was below the drug solubility (σ = 0.3) (Figure 2).

Table 6 summarizes DKT transformations to drug phases during dissolution. Observed
dissolution of all phases initially or after the appearance of LLPS and drug crystals is consistent with
undersaturated drug conditions in the bulk solution at dose concentration (CL). Non-BE formulation
excipients in the media at higher concentrations (CH) increased pH to 5.3, and no precipitation was
observed as the solution concentration is below salt and drug solubility. This is most probably because
of the neutralization of HCl by the large level of calcium phosphate present. REF and BE formulation
excipients exhibited different conversion behavior at CH; LLPS formed and crystallized after 10–30 min.
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The presence of drug crystals as impurity (less than or equal to 3%) in the salt phase led to the faster
conversion of LLPS to less soluble drug crystals, i.e., faster drug crystallization and LLPS dissolution.
Faster conversion rates result in lower drug exposure levels.

It is important to consider that concentration levels varied for both salt and excipients, as the
excipient concentrations were varied by diluting the dissolved tablet prior to adding the salt. Therefore,
the different behavior of the high concentration of excipients with the non-BE shows the key role of
alkalinizing excipients on stabilizing the salt, as the pH approaches the pHmax.

Furthermore, the dilution of the gastric fluid by water in the GISstomach of the GIS setup explains
the CH results better matching the trend of the GIS data than the CL results. This is because the lower
HCl concentrations caused by dilution were not sufficient to eliminate the pH differences caused by
the presence of calcium phosphate in the non-BE formulation. This gave rise to an end effect similar to
the high calcium phosphate levels under CH conditions being able to effectively neutralize the 0.01 M
HCl. This is supported by the aforementioned observation of higher pH value in the GISstomach for the
non-BE formulation compared to the reference one, which is more in line with the CH than with the
CL results.

Table 6. Evolution of drug phases during DKT dissolution in different formulation conditions.

Formulation Condition LLPS Crystal Full Dissolution Final pH

Non-BE
CH

b – – + a 5.3
CL

c + – +(80 min) 2.8
CL + DK solid d + + +(>7 h) 2.9

BE
CH ++ ++ NA 2.9
CL + – +(90 min) 2.6

CL + DK solid + + +(>4 h) 2.8

REF
CH ++ ++ NA 2.9
CL + – +(60 min) 2.6

CL + DK solid + + +(>2 h) 2.7

Salt in buffer no excipients
CH ++ ++ NA 2.7
CL + – +(85 min) 2.7

CH + DK solid ++ ++ – 2.7
a within seconds; b CL, low concentration, dose in 300 mL solution (total drug concentration = 4.3 × 10−4 M); c CH,
high concentration = 18 × CL (total drug concentration = 7.7 × 10−3 M); d DK solid, represents less than or equal
to 3% free acid drug as impurity in the salt phase; and NA, not applicable as CH at this final pH is above free
acid solubility.

4. Conclusions and Future Directions

Differences in dissolution behavior between the BE and non-BE DKT products are a result of drug
salt to free acid phase conversion rates and mechanisms. In this case, the presence of an alkalinizing
excipient in a tablet formulation of a salt of a weakly acidic drug suppresses salt disproportionation
as pH approaches pHmax, leading to a higher extent of drug dissolved and failing BE requirements.
This is a case where salt disproportionation appears to modulate the behavior of a highly soluble salt
in a favorable way by the formation of a transient phase prior to crystallization of the less soluble
free acid. Rates of formation of less-soluble drug phases, LLPS, and crystal forms during DKT salt
dissolution are dependent on the excipients, dissolution pH, and presence of DK free acid as an
impurity in the salt. Excipients that increase pH (calcium phosphate) decreased free acid precipitation
and enhanced dissolved levels of drug in the non-BE formulation. The BE product was associated
with a faster conversion to KT crystals, whereas non-BE product experienced less drug precipitation
under the same condition. Generic and non-generic DKT formulations were discriminated in vitro in
the GIS device by adding NaCl to SGF and using FaSSIF-v1 media in the duodenum compartment.
However, the relevant GI variables for the development of “In Vivo Product Predictive Dissolution
Methods” need to be adapted to each compound. The selection of particular dissolution conditions
as media and secretion fluids composition for the GIS device will depend on (i) the BCS profile of
the drug, (ii) its ionization characteristics, and (iii) its formulation characteristics (e.g., presence of
calcium monohydrogenphosphate). The ionic strength impact as well as the surfactants effects on the
supersaturation/precipitation balance needs to be further investigated.
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Abbreviation

DKT dexketoprofen trometamol
DK dexketoprofen
FaSSIF-v1 fasted state simulated intestinal fluids version 1
SGF simulated gastric fluids
HPLC high-performance liquid chromatography
LLPS liquid–liquid phase separation
PK pharmacokinetics
GIS gastrointestinal simulator
USP United States Pharmacopeia
GI gastrointestinal
BE bioequivalence
AUC area under the curve
Cmax maximal concentration
CH high concentration of DKT
CL low concentration of DKT
IVIVC in vitro–in vivo correlation
REF reference listed drug product
Non-BE non-bioequivalent
Ssalt Solubility of the salt form of dexketoprofen (i.e., dexketoprofen trometamol)
Sacid Solubility of the salt form of dexketoprofen
NaCl sodium chloride
S0 intrinsic solubility of dexketoprofen
pHmax the pHmax refers to the pH where both the DKT and free acid have equal solubilities.
Ksp salt solubility product
TH+ positively ionized trometamol
GISstomach gastrointestinal simulator gastric chamber
GISduodenum gastrointestinal simulator duodenal chamber
GISjejunum gastrointestinal simulator jejunal chamber
Fa fraction absorbed
HA acid form
A− negative ionized acid form
BH protonated basic form
RE% relative prediction error in percentage
EMA European Medicines Agency
BCS biopharmaceutics classification system
NaOH sodium hydroxide
HCl hydrochloric acid
TFA trifluoracetic acid
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