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Abstract

The large number of drug candidates with poor dissolution characteristics seen in the past decade, has
fostered interest in so-called “enabling formulations”, i.e., formulations which shall make such drugs bio-
available. Development of enabling formulations is currently being guided by the following (simplified)
hypothesis: If a poorly soluble drug (BCS class Il drug) can be transferred into a solubilized state, one can
achieve an absorption profile close to that of a soluble drug (BCS class | drug). Thus, formulation

development typically endeavours to achieve the most robust solubility enhancement.

Here we critically review both common in vitro approaches and experimental data available in literature
pertaining to the solubility and permeability of poorly soluble drugs from enabling formulations, and
discuss their interplay. Recent in-vitro data indicate, that commonly employed surfactants as well as
endogenous surfactants present in the intestine, although enhancing drug solubility, mostly hamper drug
permeation. Mechanistic studies demonstrate a direct correlation between passive transcellular diffusion
and the concentration of molecularly dissolved drug. The latter may be reduced due to partitioning into

micelles or other solubilizing carriers, but enhanced in supersaturating formulations.

We conclude thus that biopharmaceutical assessment approaches that rely on the amount of molecularly

dissolved drug should guide us towards successful enabling formulations.

Abbreviations:

BCS Biopharmaceutical Classification Scheme
Gl Gastrointestinal

p-GP p-Glycoprotein

MRP multidrug resistance-related protein
BCRP breast cancer resistant protein

CcMC critical micelle concentration

CsA Cyclosporin A

TEER transepithelial elctrical resistance
SNEDDS self nanoemulsifying drug delivery system

SSDS supersaturating drug delivery systems



ACCEPTED MANUSCRIPT

FaSSIF fasted state simulated intestinal fluid

FeSSIF fed state simulated intestinal fluid

HBSS Hank’s buffered salt solution &
API active pharmaceutical ingredient

ASD amorphous solid dispersion \Q



Introduction

Drug bioavailability prediction relies on the principles originally laid down in the Biopharmaceutical
Classification Scheme (BCS, Amidon et al., 1995). In the initial phase, a combination of solubility testing and
in vitro transport studies (Artursson et al. 2001) are typically employed as a prognostic tool to predictoral
absorption. At later stages in vitro dissolution testing (Dressman et al., 1998) as well other permeation

approaches (Ungell, 2004) are often added to the tool-box.

During the past decade, the proportion of drug candidates with relatively poor biopharmaceutical
properties, mainly candidates with poor dissolution characteristics, has grown significantly. Accordingly, so-
called “enabling formulations”, i.e., formulations which shall make such drugs bio-available, have
increasingly gained attention. As a result, biopharmaceutical classificationis shifting focus from drug

candidate-assessment to formulation assessment.

Standard measures aimed at enhanced oral bioavailability of poorly water soluble drugs include pH
adjustment, salt formation and reduction of particle size. Enabling formulation-approaches include the use
of co-solvents, complexing agents, (non-ionic) surfactants, self-(micro- or nano-) emulsifying drug delivery
systems, liposomes, amorphous solid dispersions and mesoporous carriers. For recent reviews see (Rahman

et al., 2013; Singh et al., 2011; Van Hoogevest et al., 2011).

Irrespective of the formulation principle employed, development of solubility-enhancing formulations is
currently being guided by the following (simplified) hypothesis: If a poorly soluble drug (BCS class Il drug)
can be transferred into a solubilized state, one can achieve an absorption profile close to that of a soluble
drug (BCS class | drug). Any drug precipitation occurring during Gl-passage may compromise drug
bioavailability - or in other words - formulation development aims at achieving the most robust
solubilization (Cuiet.al., 2009; Gursoy & Benita, 2004; Holm et al., 2006; Li et al., 2012; Pouton, 2006;
Pouton & Porter, 2008; Stillhart et al., 2012; Tgnsberg et al., 2010).

Interestingly, substantial absorption enhancement in vivo through solubilizing formulations remains
challenging, as illustrated by the very limited number of successful examples currently on the market. At
the same time it is common knowledge that the enhancement in bioavailability achieved in vivo rarely
reaches a comparable magnitude to that which solubility enhancement is observed in vitro (Araya et al.,

2005; Barakat, 2010; Mellaerts et al., 2008; Singh et al., 2013).

Thus, the motivation for the current work was to critically review both common in vitro approaches and
experimental data available in literature pertaining to solubility and permeability of poorly soluble drugs,

and to discuss their interplay. To this end, we examine the effects of surfactants that are commonly



employed in enabling formulations; while also extending this discussion to include enabling formulations
which are not based on surfactants. In the second section, we address the influence of endogenous
surfactants present in the intestine on solubility and permeation. In this context, the concept of
supersaturation is discussed in the third section. Finally, we conclude regarding which biopharmaceutical
assessment approaches appear most promising in terms of successfully guiding towards development of

enabling formulations.

Influence of non-ionic surfactants on the solubility and absorption/permeability of poorly soluble drugs

It is generally accepted that surfactants effectively enhance the apparent solubility of poorly soluble drugs
in aqueous media through micellar solubilization, though, there are a limited number of cases where the
drug is hardly incorporated in micelles due to lack of solubility in both polar-and apolar environments. To
predict the impact of surfactants on oral drug absorption or drug permeability in vitro is more of a
challenge. This is due to a complex scenario of events, the mechansims of which have only recently been
revealed in greater detail, such as: (1) The influence of micelle association of drugs on passive transcellular
diffusion. (2) The importance of direct actions, which surfactants - may exert on the intestinal barrier such as
blockage of exsorptive drug transporters [p-GP (ABCB1) , BCRP (ABCG2) or MRPs (ABCCs)] or metabolising

enzymes (CYP 450) as well as the opening of tight junctions, all of which are expected to enhance uptake.

Already in 1997, Borchardt and co-workers investigated the impact of non-ionic surfactants on Caco-2
transport of a model peptide (at low peptide concentrations) (Nerurkar et al., 1997). With increasing
surfactant concentrations, the apical to basolateral (A-to-B) transport of the peptide was found initially
enhanced but then reduced. They postulated an interaction of active and passive transport pathways,
where surfactants at rather low concentrations (i.e., below CMC) were assumed to inhibit carrier-mediated
exsorptive transport, while at unusually high surfactant concentrations (i.e., 20x CMC) a weak interaction of
the peptide with surfactant micelles would reduce its effective thermodynamic activity and thus limit

passive absorptive uptake.

In 2001, Polli and colleagues (Rege et al., 2001) observed that A-to-B transport of certain drug compounds
across Caco-2 monolayers was enhanced at pharmaceutically relevant concentrations of polysorbate 80,
namely those that were substrates of p-GP or MRP-like efflux systems. In contrast, permeation of a non-

substrate (benzoic acid) remained unaffected by the surfactant.

In 2003, Amidon and coworkers (Chiu et al., 2003) reported that the presence of 0.2% (w/v) of the non-
ionic surfactant polyethoxylated castor oil (Cremophor EL®) decreased A-to-B flux of the hydrophobic cyclic
peptide cyclosporin A (CsA) in Caco-2 monolayers almost 3-fold compared to that in the absence of

surfactant. Although they did not study drug/surfactant-interactions experimentally, they assumed that



micellar solubilization of CsA would reduce its thermodynamic activity and its permeability. The surfactant
employed is known to inhibit p-GP efflux, while CsA is a known p-GP-substrate in these models. Collectively,
this should increase the permeability of CsA. However, they hypothesized that micellar solubilization
effects would outweigh potential inhibition of p-GP mediated exsorptive transport, resulting in a net overall

reduction in CsA permeability.

Other reports postulating such interplay between permeability reduction due to micelle association and

permeability enhancement due to p-GP blockage refer to vitamin E-TGPS (Varma and Panchagnula, 2005)

Shaik (Shaik et al., 2008) demonstrated that efflux inhibition of two protease inhibitors by poloxamer P85

was due to direct p-GP-interaction rather than alteration in the expression of the MDR-1 gene.

Today, there is increasing evidence that a broad variety of non-ionic surfactants-has an inhibitory effect not
only on p-GP but also on other ABC-transporters, such as BCRP and‘MRPs (Cuestas et al, 2011; Guo et al.,

2010; Yamagata et al., 2009), although the exact mechanism of interaction has still to be elucidated.

Porter and co-workers (Katneni et al, 2006) quantified the extent of micellar solubilization of poorly soluble
drugs from equilibrium solubility studies in the presence of non-ionic surfactants (polysorbate 80 and
polyethoxylated castor oil) and suggested to.subtract the fraction of micelle-bound drug to correct
apparent permeability values obtained from in vitro intestinal tissue transport studies. For a range of drugs
with varying degrees of lipophilicity, .their data supported the hypothesis that micelle-bound drug is

“inactive” in terms of permeation.

One should be aware that there are contradictory opinions in literature on the meaning of enhanced trans-
epithelial electrical resistance (TEER) of Caco-2 monolayers upon contact with surfactants. Whitehead
(Whitehead & Mitragori, 2008) used TEER as a surrogate marker for permeability. They interpreted TEER-
depression caused by a range of surfactants as permeability enhancement. In contrast, here in this context
we regard in vitro barriers showing significantly diminished TEER upon surfactant contact as heavily
impaired and inappropriate for permeability studies (Flaten et al., 2008; Kanzer et al., 2010a, Fischer et al.
2011a). Under this prerequisite, we quantified the association of poorly soluble drugs with non-ionic
surfactant micelles using an ultrafiltration approach and studied in vitro drug permeation such that
pathways other than passive transcellular diffusion were excluded. In two mechanistic studies, we
demonstrated (Fischer et al., 2011a; Fischer 2011b) that permeability was depressed under solubilizing
conditions. However, the extent of micelle-association did not to precisely match the extent of permeability
reduction (figure 1), indicating that the micellarly solubilized drug does not readily permeate or is not

readily released for permeation.



In the same year Miller and coworkers (Miller et al., 2011) suggested a theoretical approach taking into
account the effects of micellar solubilization on both the membrane permeability and the unstirred water
layer permeability, modelling the interplay between solubilization and permeation.

Besides the described effects of micellar solubilization with subsequently reduced transcellular diffusion
and inibition of p-GP-mediated efflux, surfactants may cause other effects: Uihelyi (Uihelyi et al;, 2012)
described enhanced paracellular uptake across Caco-2 monolayers in the presence of polysorbates or
labrasol. Since poorly soluble drugs typically follow the transcellular pathway, this observation is of limited
relevance here. Mudra (Mudra & Borchardt, 2010) described influences of various non-ionic surfactants on

CYP3A, which may elevate or diminish plasma levels of CYP3A-mediated metabolites

Finally, surfactants may influence supersaturation. A thorough discussion of this aspect is found in the

section on supersaturation below.

Overall, in recent years we are seeing accumulating evidence from in vitro studies that surfactants, while
enhancing the apparent solubility of drugs via micellarization, also inhibit passive (transcellular) drug
permeation in a concentration-dependent manner. Conflicting evidence regarding absorption
enhancement by surfactants may be the result of a significant impairment of the permeation screen. Thus,

stringent controls on barrier integrity as well as cell toxicity are essential.

Influence of other enabling formulations on the solubility and absorption/permeability of poorly soluble
drugs

When looking at other enabling formulations, similar observations were recently reported in literature.

Dahan demonstrated that when using cyclodextrins as pharmaceutical solubilizers, a trade-off exists
between apparent solubility increase and permeability decrease (Dahan et al., 2010; Miller et al., 2012a). At
the same time re-crystallization of drug from supersaturated solutions may be retarded (see section on

supersaturation below; Brewster et al., 2008)

Even in co-solvent systems decreased permeability with increased solubility was observed for progesterone
in combination with propylene glycol and polyethylene glycol (Miller et al., 2012b) in a test where drug
concentration was maintained at 75% saturation solubility level. In this case constant thermodynamic
activity has to be assumed as well as the absence of drug binding to colloidal structures. A similar

observation is reported by Beig et al. 2012.

Very recently, Miillertz and co-workers (Larsen et al., 2013) observed in a dog study that self
nanoemulsifying drug delivery systems (SNEDDS), where the content of drug was close to the saturation

limit, showed absorption to a higher extent than more robust formulations, where the drug content was



well below the saturation limit. They concluded that the traditional optimization strategy of SNEDDS-

formulations towards a high solubility of the drug compound in vitro may lead to a lower bioavailability.

Influence of FaSSIF/bile salts/phospholipids (i.e., mixed micelles) on the solubility and permeability of
poorly soluble drugs

According to current paradigms, efficient absorption of drug molecules is dependent on their solubilization
(Jones et al., 2006). In this regard, the solubilization of poorly soluble drugs is highly dependent on the
composition of the intestinal milieu as they transit through the gut. Intestinal fluids are comprised of a
complex lipid mixture containing bile acids and lyso-phospholipids. Notably, these components closely
associate and interact with drug molecules in the intestinal tract and in this way can markedly impact their

dissolution behavior.

To address these issues, biorelevant media have been increasingly employed in in vitro solubility and
dissolution studies. Reflecting both fasted and fed states (FaSSIF and FeSSIF, respectively), these media
have facilitated careful examination of the impact of micellar encapsulation on the solubility and
dissolution of a variety of poorly soluble compounds. Although these media represent a simplification of
the luminal composition, they have been shown to accurately estimate the dissolution process in vivo (e.g,
Galia et al., 1998). In particular, they have permitted a broader mechanistic understanding of the potential

influence these interactions have on the behavior of low solubility drugs upon oral ingestion.

Bile salt concentrations increase following ingestion of a meal (from 4-6 mmol/L to 10-20 mmol/L) (Jones et
al., 2006). In the case of poorly soluble drugs, this typically results in an increase in their solubility and
dissolution rate. Solubility tests using biorelevant media have shown that the solubility of poorly soluble
drugs can be markedly increased. Since it has been demonstrated that biorelevant media under certain
prerequisites may.also be employed for in vitro permeability screening (Ingels et al., 2002), accumulating
evidence suggests that enhanced solubility does not necessarily translate into a correspondingly higher
proportion of drug available for absorption. Rather, that fraction solubilized by bile salt/lecithin mixed

micelles remains encapsulated and thus potentially unavailable for passage across the epithelial barrier.

In vivo bile salts serve as endogenous surfactants, capable of solubilizing lipophilic drugs. Indeed, non-
native surfactants have been widely employed as excipients in formulations of poorly soluble drugs to
improve their aqueous solubility. However, while the amalgam of different bile salts contained within
intestinal fluids can act to improve the apparent solubility of these compounds, they concomitantly reduce
the free fraction of drug. Consequently, this can significantly diminish the proportion of drug which is
available to permeate across the intestinal membrane. In this environment, drug compounds are in an

equilibrium state between free and micelle-bound. In effect, for micelle-bound drug to traverse the



epithelial barrier, it must first partition out of the micelles (i.e., be subsumed into the free fraction). Only
then is it available for membrane permeation. It is also important to note that formulations may
significantly change the inherent properties of a compound and therefore the impact of intestinal fluid

constituents on their absorption (see section on supersaturation).

In the presence of bile salts and lipoidal components, evidence suggests that the thermodynamic activity of
drugs in solution is diminished on account of their solubilization within mixed micelles (Poelma et al., 1991).
They have examined the influence of mixed micelles on drug transport rates from a luminal solution across
the unstirred water layer (UWL) and intestinal wall of chronically isolated rat intestinal loops. Measuring
the loss of drug compound from the intestine, they observed that the disappearance rate of the lipophilic
drugs dantrolene, griseofulvin and ketoconazole was reduced in the presence of micelles. Simultaneous
solubility measurements in micellar solutions illustrated that the fraction solubilised was significantly
augmented. In part, this was ascribed to the decreased fraction of free drug in solution as a result of its

micellar solubilization.

Subsequent studies have provided further support to this hypothesis. Investigations by Ingels (Ingels et al.,
2004) have shown that the transport of various lipophilic drugs across Caco-2 monolayers was decreased in
the presence of a FaSSIF buffer system. They attributed these differences to micellar encapsulation of the
APl by mixed micelles, thus limiting the free fraction of drug available for permeation. Observations by
Kataoka (Kataoka et al., 2006) showed that the permeability of both ketoprofen and metoprolol was
reduced in FeSSIF relative to that' measured in FaSSIF. It was speculated that these drugs were taken up in
bile salt/lecithin mixed micelles to a greater extent, thus reducing the fraction of free drug in the apical
chamber. The flux of estradiol has also been shown to be diminished in the presence of SIFs due to micellar
encapsulation (Lind et al., 2007), while similar observations have also been made in the case of metoprolol

(Patel et al., 2006) and amprenavir (Brouwers et al., 2006).

Notably, in addition to its effects on drug absorption via encapsulation in mixed micelles, in vitro studies
indicate that the presence of bile salts may also impact the functionality of membrane-bound active
carriers. Sodium taurocholate (present in FaSSIF buffer) has been shown to inhibit p-GP activity in a
concentration-dependent manner, as illustrated by increased absorptive and decreased secretory transport
of cyclosporin A, a p-GP substrate (Ingels et al., 2002) (Figure 2). Interestingly, subsequent investigations
(Ingels et al., 2004) revealed that although the transport of talinolol, digoxin and doxorubicin (all p-GP
substrates) was diminished in the secretory direction, no impact was observed on absorptive transport.
These differences may be explained in part by variations in the relative affinity for p-GP of these

compounds, and the extent to which they are affected by micellar encapsulation. Thus, the interplay



between micelle-association (i.e., permeation inhibition) and p-GP modulation (i.e., absorption
enhancement) requires careful scrutiny in the case of poorly water soluble compounds which concurrently
exhibit affinity for active carriers such as p-GP. In contrast, comparable studies by Fossati et al., 2008, failed

to detect any significant p-GP inhibitory effects in the presence of FaSSIF.

When considering the permeability of poorly water-soluble drugs in intestinal fluids, particular regard must
be given for the thermodynamics of the solute in this environment. Here, permeation across the membrane
is not solely a function of its concentration. On account of micellar- interactions with bile salts and lecithins,
their activity and thus membrane permeability can be dramatically altered. Work by Yano (Yano et al,,
2010) has eloquently illustrated this. Mathematically, they separated the contribution of both free and
micelle-bound drug to overall drug permeability into discrete terms (Pfree and Pmicelle). Thus,
determination of the relative impact of both free form of the drug and that encapsulated within mixed
micelles could be readily calculated. For three compounds (hexylparaben; heptylparaben and troglitazone)
the Pfree values were notably higher than their Pmicelle values in either FaSSIF or FeSSIF, emphasizing that
APl encapsulated within micelles exhibits a relatively diminished activity in respect of membrane
permeation. Furthermore, in accordance with previous findings by Poelma (Poelma et al., (1991), the

permeability of griseofulvin was found to be strongly related to its free fraction.

More recently, we have provided a closer examination of the mechanism(s) underlying the actions of
micelle encapsulation of poorly soluble drugs on drug absorption in vitro (Frank et al., 2012a). Analysis of
the transport of suspensions of ABT-102; a poorly water-soluble, yet well permeating compound, in FaSSIF
and Hank’s buffered salt solution (HBSS) buffers systems revealed that although its solubility in FaSSIF was
increased 30 times relative to HBSS, the permeation rate across Caco-2 monolayers remained unaltered. Of
note, the concentration employed in the donor compartment was above the drug’s solubility limits; thus,
the APl was present in multiple forms (i.e., molecularly dissolved, in micelles, suspension). By means of
dialysis, the amount of molecularly dissolved drug was assessed. Interestingly, while increases in apparent
solubility were observed in FaSSIF, the concentration of molecularly dissolved drug remained unchanged
(relative to HBSS). Collectively, these data add further credence to the hypothesis that increased apparent
solubility due to micellarization does not necessarily lead to an increase of the amount of drug available for

passive diffusion across a cell monolayer.

Analogous results have also been recently reported by Holmstock et al., (Holmstock et al., 2013). Despite a
6-fold increase in the solubility of indinavir in fed state human intestinal fluid relative to the fasted state,
the free fraction of drug was 11-fold lower on account of significantly higher micellar encapsulation. In

terms of drug permeation, this translated into a marked decrease in intestinal permeability (22-fold).



Work by Berginc (Berginc et al., 2012) points to a potential concentration-dependent effect. At lower
concentrations of bile salts and lecithins they observed a predominantly enhancing effect on the
permeation of a range of drugs, which they attributed to their surface active actions on the cell membrane.
However, at higher concentrations (i.e., above the CMC) where micellar encapsulation of APl was more
marked, decreases in both free concentration of drug and permeability were noted. Crucially, despite the
fact that many of the compounds tested were known substrates for active transporters, no-attempt was
made to differentiate between the influence of sodium taurocholate via mixed micelles and its effects on
active drug carriers (e.g., p-GP). In order to avoid ambiguity regarding the true impact of bile salts on drug
permeability (i.e., micelle encapsulation, transporter inhibition or both), non-cellular models can be
effectively employed. In this regard, the phospholipid vesicle-based permeation assay (PVPA) model has
been shown to be compatible with biorelevant media (Fischer et al., 2012c). In'such an arrangement, which
is devoid of active transports and whereby only passive diffusion mechanisms are at play, the precise

impact of micelle-mediated reductions in drug transport can be carefully examined.

The inherent properties of fluid within the intestinal tract show a high degree of dynamicity. For example,
its physicochemical properties (e.g., composition, pH, volume, metabolic activity) will depend on
physiological state and vary from one segment of the intestine to another. Significantly, these factors can
influence the behaviour of formulations and their co-formulated drugs. Using biorelevant media, in vitro

estimations of the impact of these factors can be estimated.

While cumulative data suggests that lipophilic APIs are transported to the epithelial surface via the aqueous
phase, the contribution of other phases cannot be wholly excluded. Emerging evidence indicates that
uptake of fatty acids may proceed via vesicular-mediated mechanisms (Ehehalt et al., 2006); although it
remains to be demonstrated if this process occurs in the intestine (Porter et al., 2007). Nevertheless, recent
investigations by Vertzoni and colleagues (Vertzoni et al., 2012) provide evidence to suggest a potential
contribution of the lipid phase in the transport of lipophilic compounds. They observed that aspirates
containing coarse lipid particles were primarily responsible for delivering danazol to the cell surface for
absorption, rather than corresponding micellar phases. However, the precise impact of the lipid phase is

likely dependent on the drug’s physicochemical properties and the dose administered.

Collectively, intestinal fluids are comprised of a variety of components (e.g., bile salts, phospholipids)
capable of triggering faster drug dissolution and enhancing drug solubility by means of formation of mixed
micelles. Above their critical micelles concentration (CMC) mixed micelles are generated and interact with
drug compounds resulting in their encapsulation. Significantly, the magnitude of these interactions is

governed in part by the physicochemical characteristics of the drug (e.g., solubility, log P, pKa etc.,) (Palm et



al.,, 1997; Schwarz et al., 1996), with poorly soluble drugs (i.e., BCS Class Il) most notably affected.
Nevertheless, while these components exert apparent enhancement in drug solubility, the increased
encapsulation of APl within mixed micelles potentially limits the free fraction available for absorption.
While an increasing number of studies provide substantive proof to this hypothesis, evidently, further

investigations are necessary to more precisely elucidate the dynamics underlying this phenomenon:

The influence of supersaturation on permeation

The influence of an enabling formulation on the solubility and dissolution rate of an APL is typically assessed
by the shake flask method or the USP dissolution methods. In both cases, the concentration of the API in
solution upon dispersion of the formulation is quantified, either online by fiber optic probe or UV
measurement or by sampling and offline measurements. For the offline quantification, the APl in solution is
separated from non-dissolved matter by membrane-filtration (0.2 or 0.45 um pore size) or bench top

centrifugation.

As discussed above, most enabling formulations contain or generate micellar or other solubilized states of
the drug. If the concentration of APl in solution is assessed with the methods described above, an increased
concentration of the API in solution is detected, because online measurements, as well as sampling with
filtration or bench top centrifugation are sensitive to both, free (molecularly dissolved) APl and API in
solubilizing vehicles. Furthermore, several cases of spontaneous formation of drug nanoparticles in
dissolution medium are described in literature. An amorphous solid dispersion of ritonavir (or ritonavir and
lopinavir) was found to form APl-containing nano-particles with a size starting at 40 nm (Tho et al., 2010;
Kanzer et al.,, 2010b). Formation of 12 nm thick itraconazole-nanofibers was detected in simulated
intestinal fluid (Mellaerts et al., 2010). Such nanoparticles may stay in the supernatant and/or slip through

filter pores (at leastiin part) such that they may interfere with both UV-and - quantification.

We suggest screening of the aqueous dispersions of enabling formulations for the presence and
morphology of supramolecular structures in the nanometer range, such as micelles, nanoparticles, oil
droplets, complexes etc. This can be done by dynamic light scattering (DLS) and scanning electron
microscopy (SEM) (Buch et al., 2010a) or by size exclusion chromatography or asymmetrical field flow

fraction in combination with an RI, UV or light scattering detector (Kanzer 2010b, Frank 2012b).

Unfortunately, in literature, the ability of so-called supersaturating drug delivery systems (SSDDS) to
provoke enhanced solubility of the APl (which is called supersaturation in the cited studies) is typically
assessed by bench top centrifugation (e.g., Linn et al. 2012) or filtration through filters between 0.22 um
(e.g., Schwebel et al., 2011) and 0.45 um (e.g., Lindfors et al. 2008 and Do et al. 2011). Due to the presence

of co-solvents and/or solubilizing additives in most supersaturating drug delivery systems (Brouwers 2009),



most likely the observed enhanced solubility is due to micellarization or complexation of the API rather

than an increased concentration of molecularly dissolved APl (“true” supersaturation).

Very few studies have tried to differentiate experimentally between solubilized and molecularly dissolved
drug. Overhoff et al. utilized filters with a pore size of 0.02 um in an attempt to separate supramolecular
assemblies from molecularly dissolved API from agqueous dispersions of amorphous solid dispersions (ASDs)
containing tacrolimus in combination with the excipients sodium dilaurylsulfate, polyvinylacetate and
poloxamer 407 (Overhoff et al., 2008). However, micellar structures or complexes might be smaller than 20
nm and therefore, the use of ultracentrifugation or dialysis membranes is regarded as more precise.
Initially, we employed asymmetric flow-field flow fractionation in order to isolate both micellar and
nanoparticulate species from aqueous dispersions of ritonavir-/lopinavir melt extrudates and quantified the
drug content in these (Kanzer et al., 2010b). Unfortunately, recoveries were too poor to draw firm
guantitative conclusions. Subsequently, we utilised a reverse dialysis set-up with a dialysis membrane (cut-
off of 3.5 kDa) to determine supersaturation in aqueous dispersions of another ASD, which contained,
besides the API, a hydrophilic polymer and three different surfactants. This approach allowed quantitattive
differentiation between an enhanced concentration of molecularly dissolved APl (“true” supersaturation)
and enhanced concentration of micellar and polymer-bound drug (“apparent” supersaturation; Frank et al.,

2012b). The absence of supramolecular structures in the dialysate was proven by DLS (Frank, 2012).

Regarding the impact of supersaturation on permeability, so far only a few studies have been published, in
which the influence of supersaturation on the permeability of poorly soluble APIs across screens that mimic
the epithelial barrier in the small intestine was investigated. Crucially, these studies generally do not
differentiate between molecularly dissolved and solubilized drug. However, when comparing various
formulations, the flux (or permeation rate) is used rather than the apparent permeability (flux divided by
starting concentration) that is employed typically to assess the ability of a molecule to pass the membrane.
The comparison. of the flux has become the state of the art, because the APl might be present in various
forms-in the donor (nano-particles, micelles...), which might lead to deceptive results when the flux is

divided by the concentration of APl in solution.

Miller et al. investigated the impact of an ASD (binary system of progesterone and HPMC-AS) on the flux of
progesterone across the parallel artificial membrane permeation assay (PAMPA) system and the rat
intestinal perfusion model (Miller et al., 2012c). Here, they observed a dependency between the extent of
“supersaturation” (assessed by bench top centrifugation) and flux. Khan et al. observed a linear
dependency between enhanced solubility (determined by filtration through 0.45 um filters) and flux (across

Caco-2 cell monolayers) from various ASDs containing containing PEG 8000 (Khan et al. 2010).



Buch et al. used a dissolution/permeation system (Buch et al., 2010b) to evaluate both dissolution on the
donor side and permeation across a Caco-2 cell monolayer of five “supersaturating formulations”
containing fenofibrate, polymers and various surfactants. In their data set, fraction dissolved (filtrated 0.2
um) showed only moderate correlation with in vitro permeability. In these studies, it was not distinguished

between solubilized or molecularly dissolved API.

In a recent study (Frank et al. 2012c) we demonstrated that enhanced flux of ABT-102 (a BCS class 2 drug)
across Caco-2 cells effectively proceeds in parallel with an increased concentration of molecularly dissolved
API (“true” supersaturation), as determined by reverse by dialysis (3.5 kDa). In contrast, an even higher
increase in apparent solubility due to micellarization (assessed by bench top centrifugation) neither

affected the concentration of molecularly dissolved ABT-102 nor its permeation rate.

Although this is a single observation and further experimental evidence is heeded, we hypothesize that a
positive effect on permeation rate occurs only if an enabling formulation induces an increased
concentration of molecularly dissolved APl (as compared to the thermodynamic equilibrium solubility of
the crystalline API). To our understanding, only such an (temporarily) enhanced concentration of
molecularly dissolved API should be called supersaturation. In contrast, any apparent solubility
enhancement, which reflects an increase in solubility evoked by solubilizing agents is regarded less likely (if
not unlikely) to enhance permeability. Interestingly, very recently Anby et al., 2012, reported a case of lipid

digestion-triggered “supersaturation”.

A further point to consider is the physical instability of “truly” supersaturated solutions. As described in a
review by Brouwers et al.,(Brouwers et al, 2009), true supersaturation is a physically unfavourable state
and it is common to add precipitation inhibitors to supersaturating drug delivery systems to prolong this
state and to prevent precipitation. At the same time, many precipitation inhibitors show a high affinity for
the drug in solution and thus potentially form supramolecular assemblies, which again may affect drug

permeation.

In general, precipitation and specifically re-crystallization of the APl is considered as highly unfavorable for
the bioavailability of an API. Thomas et al. (Thomas et al. 2012) recently reported a case, where
precipitation of the API did not proceed in parallel with its crystallization. In their study, the precipitate
formed upon lipolysis of a lipid based drug delivery system was found to be amorphous and to exhibit a fast
dissolution rate. Interestingly, in our lab, the precipitation of amorphous micro-particles from dispersions of
an ASD was recently found mandatory for maintenance of a supersaturated state, inducing an up to four

fold enhanced flux of the API across Caco-2 cells over prolonged periods of time (Frank et al., in press).



Accordingly, for poorly soluble and well permeating drugs, enhanced concentration of molecularly
dissolved AP| appears to go in parallel with enhanced permeation rate. Many SSDDS contain solubilizing
agents. Due to lack of discriminative data, it is not currently possible to judge whether their good

bioavailability is due to true supersaturation or increased apparent solubility (or both).

Conclusions
Traditional biopharmaceutical classification is based on a static and a kinetic factor; whether the drug is
sufficiently soluble in the intestinal (i.e., solubility) and permeation rate. In the current review it-is proposed

that such an approach is inappropriate in cases where the drug is solubilized.

Solubility in its most widespread definition, i.e., as determined in pharmacopeial dissolution tests,
comprises both molecularly dissolved drug species, species that are solubilized (e.g., micelle, cyclodextrin
etc.,) and even sub-micron particulate species that are small enough to pass filters or remain in the
supernatant during bench top centrifugation. Recent research indicates that these different drug species do

not equally sustain the permeation process.

Even when only taking into account the amount of molecularly dissolved drug, classical BCS-classification
may be erroneous because it does not account for the amount of molecularly dissolved drug that may
spontaneously arise during the permeation experiment. In cases where the “naked” drug is not sufficiently
soluble in mere aqueous medium for carrying out in vitro permeability tests, it is essential to take into

account the influence of the additives.

Future perspectives

We propose three alternative types of approaches for biopharmaceutical drug formulation assessment:

1) Asimple approach would follow the classical combination of in vitro solubility and permeability, but
defining molecularly dissolved drug as the only permeating species. To this end, one would need to
quantify.the concentration of molecularly dissolved drug in an aqueous dispersion of the enabling
formulation, e.g., by inverse dialysis as described in (Frank et al., 2012c). Hereby, true solubility
(i.e., true supersaturation) is the key factor of biopharmaceutical performance assessment of
enabling formulations. To predict oral bioavailability, this true solubility value is combined with the
apparent in vitro permeability of the “naked” API as determined by Caco-2 (or other) permeability
screens in the absence of any co-solvents or solubilizers. Such an approach still does not take into
account dynamic changes occurring during Gl passage, such as dilution effects, changes of both

solubilizing agent and drug concentration due to absorption and/or enzymatic cleavage etc.,



2) Combined dissolution/permeation approaches as suggested in (Buch et al.,, 2009; Buch et al.,
2010ba; Frank et al., 2012; Kanzer et al., 2010b; Kataoka et al., 2006; Kataoka et al., 2012) may
represent a promising short-cut in terms of circumventing the experimental difficulties associated
with quantification of the molecularly dissolved fraction of the drug. Two-phase dissolution
(Grundy et al., 1997) represents an alternative approach, where the dissolved drug partitions into
an organic phase. Its suitability for assessment of enabling formulations is under_investigation

(Philips et al., 2012; Vangani et al., 2009).

3) For detailed mechanistic studies, however, we would suggest to investigate the kinetics of all the
inter-related processes (figure 3) separately (Van Speybroeck et al.,, 2012) to avoid misleading

assumptions (Grassi et al., 2002):

Drug dissolution rate: amount of molecularly dissolving drug over time from the solid state

Drug release rate(s): amount of molecularly dissolved drug released from each of the other states

such as solubilized or nanoparticulate states.
Ideally, such a kinetic investigation of dissolution and release processes should take into account
intraluminal volume changes, digestion of excipients etc., in order to accurately reflect the in vivo
situation.

Barrier flux: amount of drug permeating across the barrier over time

Finaly, one should emphasize that it.is unclear for the time being if refined in vitro studies, as suggested

here, are appropriate toyield better in vitro in vivo correlations than the currently employed methods.
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Legends to figures
Figure 1

a) Ketoprofen permeation across phospholipid vesicle based permeation assay (PVPA) barriers in the
absence and presence of surfactant poloxamer (P-188), uncorrected and corrected (for the freely dissolved

fraction), (mean + SD, n=6). Reprinted from Fischer, 2012, with permission

b) Nadolol permeation across phospholipid vesicle based permeation assay (PVPA) barriers in the absence
and presence of surfactant poloxamer (P-188), uncorrected and corrected (for the freely dissolved

fraction), (mean + SD, n=6). Reprinted from Fischer, 2012, with permission

c) Fraction of molecularly dissolved drug at different surfactant poloxamer (P-188) concentrations, given as
percentages of the solution in phosphate buffered saline (PBS), (mean + SD, n=3). Reprinted from Fischer,

2012, with permission

Figure 2

Transport of CsA in the apical to basolateral (A-B)or.in opposite direction (B-A) after addition of Cyclosporin
A (CsA 1 uM) to the donor side in transport medium (TM), faste state simulated intestinal fluid (FASSIF) or
dilutions of FASSIF. Bars represent average Papp valuetSD (n=3). Reprinted from Ingels et al. 2002, figure 4,

with permisssion.

Figure 3

Schematic overview over different states, in which the active pharmaceutical ingredient (APl) may occur in
the gastro-intestinal tract and their role in terms of permeability across the intestinal barrier. Solid state
comprises both, crystalline and amorphous forms; dissolved state comprises both, solubilized state,

molecularly dissolved state and truly supersaturated state.
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