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Abstract.     An ideal dissolution test for amorphous solid dispersions (ASDs) should reflect 
physicochemical, physiological, and hydrodynamic conditions which accurately represent 
in vivo dissolution. However, this is confounded by the evolution of different molecular 
and colloidal species during dissolution, generating a supersaturated state of the drug. The 
supersaturated state of a drug is thermodynamically unstable which drives the process 
of precipitation resulting in a loss of solubility advantage. Maintaining a supersaturated 
state of the drug with the help of precipitation inhibiting excipients is a key component 
in the design of ASDs. Therefore, a biopredictive dissolution test is critical for proper 
risk assessment during the development of an optimal ASD formulation. One of the over-
looked components of biopredictive dissolution is the role of drug permeability. The kinetic 
changes in the phase behavior of a drug during dissolution of ASDs are influenced by 
drug permeability across a membrane. Conventionally, drug dissolution and permeation 
are analyzed separately although they occur simultaneously in vivo. The kinetic phase 
changes occurring during dissolution of ASDs can influence the thermodynamic activity 
and membrane flux of a drug. The present review evaluates the feasibility, predictability, 
and practicability of permeability/dissolution for the optimal development and risk assess-
ment of ASD formulations.
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INTRODUCTION

A large number of drugs in the drug discovery pipeline 
suffer from poor solubility which demands solubility ena-
bling techniques to improve their biopharmaceutical proper-
ties. Current estimates suggest that almost 70–90% of drugs 
in the discovery pipeline belong to BCS class II (1). Drugs 
in DCS class IIb (which shows solubility-limited dissolu-
tion) according to the developability classification system 
(DCS) and BCS class IV belongs to the high-risk category 
in terms of developability and presents a unique challenge to 

formulators (2). Among different methods available for sol-
ubility enhancement, amorphous solid dispersions (ASDs) 
have received much attention in recent times (2–6) (Fig. 1).

ASD is an attractive formulation strategy in which a drug 
is amorphized in a polymeric matrix with the advantage that 
there is no energy expenditure in crystal lattice disruption dur-
ing dissolution in comparison to its crystalline counterpart. Dis-
solution studies, by and large, have not been able to compre-
hensively predict the in vivo outcome of enabling formulations 
from supersaturation data (7). For a paradigm shift in the evalu-
ation of biopharmaceutical property of enabling formulations, 
the role of permeability is pivotal during in vitro dissolution 
studies (8, 9). Dissolution methods with dual chamber repre-
senting intestinal lumen and serosal compartments by separat-
ing them with a membrane representing intestinal epithelium 
can simultaneously analyze dissolution/permeability.
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Factors affecting dissolution and passive drug absorption 
are summarized in Table I. In the current review, we focus 
our discussion on the factors which influence the interplay 
between drug supersaturation (SS) and membrane perme-
ability during dissolution of ASDs.

Excipients play multiple roles to stabilize the SS state. 
It can have a role on three important aspects of formulation 
performance, viz., SS, solubilization, and permeability dur-
ing dissolution. The ability of an excipient to maintain SS is 
referred as the “spring and parachute effect” in which spring 
refers to rapid dissolution and SS of a drug and excipients act 
like a parachute to slow down the rate of crystallization from 
a supersaturated drug solution (10). For the major part of 
ASD research, excipients were judged based on their precipi-
tation inhibiting property. Different screening methods based 
on a solvent shift method have been devised to rank-order 
the excipients on the basis of its crystallization inhibiting 
property (11, 12). This method based on a plate assay is able 
to predict maximum achievable concentration and precipita-
tion inhibition during amorphous dissolution (13). However, 
lately, it has been realized that excipients can also influence 
permeability and the overall performance of the ASD. Pro-
vided their influence on SS, precipitation, and permeability, 
the choice of an excipient is the most important decision to 
be made during the formulation development of ASDs.

One of the impediments in the successful formulation of 
ASDs is the complexity to decipher the dissolution phase 

behavior which influences the SS stability as well as the 
permeability of the drug. Permeation of a drug is linearly 
correlated (r = 0.959) with drug absorption (14, 15). Solu-
bility and permeability form the basis of the BCS classifi-
cation, and despite the critical role of permeability in drug 
absorption and bioavailability, its significance has been 
overlooked in dissolution studies. The influence of perme-
ability on the interplay of SS and precipitation is critical 
for a biopredictive dissolution assay. This interplay of fac-
tors in an absorptive environment was explicitly demon-
strated by comparison with a non-absorptive setup for the 
first time by Bevernage et al. (16). The one-compartment 
dissolution methods lack predictive capacity because of 
the oversimplified design. Predictive dissolution studies 
should include a permeability component, and a combined 
dissolution/permeability study is gaining attention for the 
evaluation of ASDs. Most of these dissolution systems are 
not important from a regulatory perspective but help us 
to gain insight into the mechanistic aspect of dissolution 
and help us to rank the performance efficiency of a drug-
polymer system (17). A summary of dissolution setup for 
simultaneous evaluation of dissolution/absorption is sum-
marized in Table II.

Therefore solubility-enabling techniques must be seen in 
the context of its concomitant role in the solubility-perme-
ability interplay (29).

Fig. 1.   Comparative statistics 
of different solubility enhance-
ment technologies published in 
scientific journals. Data were 
obtained from PubMed with the 
keyword “solubility enhance-
ment” along with the name of 
the respective technologies. 
ASD, amorphous solid disper-
sions; SEDDS, self-emulsifying 
drug delivery systems
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Table I.   Factors affecting drug dissolution and absorption from amorphous solid dispersions (ASDs)

Factors affecting drug dissolution and degree of supersaturation Factors affecting passive drug absorption

✓Dose of a drug
✓GI fluid volume
✓pH-dependent solubility of the compound in the local microenvironment
✓Dissolution rate of polymer to generate drug solubility higher than the thermodynamic 
solubility

✓GI fluid composition (bile salts and micelles)
✓pH of the media
✓Volume of the media
✓Surface area of the intestinal membrane
✓Hydrodynamics of UWL
✓Emptying rates and forces
✓Intestinal transit time
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UNSTIRRED WATER LAYER AND ITS ROLE 
IN DRUG PERMEABILITY

The absorptive flux of a drug may be limited by diffusion 
across the intestinal membrane or the hydrodynamics of the 
unstirred water layer (UWL) (Fig. 2). UWL is a hydrody-
namic barrier in the vicinity of a membrane where drug dif-
fusional movement exceeds convection (30). For some lipo-
philic drugs, diffusion across the UWL can be a slow process 
compared to its membrane partitioning and permeability. 
A material sparing method for analyzing the rate-limiting 
steps in mass transport has been reported (31). Drugs in the 
form of colloidal species, bound and unbound can diffuse 
through the UWL to promote absorption (Fig. 2). Based on 
this study, drugs are classified as having membrane lim-
ited (e.g., ketoconazole), UWL-limited (e.g., itraconazole), 
and dissolution rate-limited flux (e.g., ketoconazole under 

certain conditions). Classifying drugs based on their rate-
limiting step for membrane transport can aid formulation 
development and for predicting food effect, regiospecific 
drug absorption, dose linearity, etc. (32). ASDs on disso-
lution can generate colloidal species which may alter oral 
absorption. To explain the perceived improvement in oral 
absorption, these colloidal species are thought to act as a 
shuttle across the UWL for an unbound drug by reducing 
diffusional resistance (33). A key assumption is that the col-
loidal species formed during dissolution improves the dif-
fusivity across the UWL based on their size and concentra-
tion (34). This is a useful approach for a highly lipophilic 
drug with good epithelial cell permeability for which UWL 
is a limiting factor and the formation of colloidal species 
can enhance absorption (35–37). The mechanism of forma-
tion of the array of colloidal species on dissolution of ASD 
is critical for predicting oral absorption. The diffusion of 

Table II.   Absorption permeability setup for simultaneous evaluation of dissolution and permeability

Types of dissolution setup Key features Short comings

Dissolution/permeation (D/P) system (18, 19) Mimic the in vivo absorptive sink condition 
by using caco-2 monolayer.

Good system for IVIVC

Limited size
Compatibility issues between dissolution media 

and monolayer integrity
Flow-through cell (FTC) method (20) Absorptive sink condition

pH gradients by altering the medium compo-
sition

Need high volume of media

FTC plus biphasic (21) Absorptive sink condition in closed operat-
ing mode of FTC, less volume of media is 
needed

Sink condition is not perfect

Microplate-based 96-well two-compartment 
setup

(22)

Simultaneous screening of dissolution and 
permeability in a high throughput format

The large surface area of the intestinal surface 
cannot be replicated

Membrane permeation non-sink dissolution 
method (23)

Formulation performance screening for PK 
studies of poorly water-soluble BCS class 
II drugs

Analysis of drug speciation during dissolution

Lack of high-throughput

High surface area, flow-through absorptive 
dissolution (24)

Hollow fiber membranes improves mass 
transfer rates significantly due to high 
surface area

reduces the unstirred water layer barrier
Maintaining sink conditions on the receiver 

side
Impact of residual
Crystallinity has been studied

Lack of high-throughput

Static and a flow-through side-by-side diffu-
sion cell (25, 26)

Phase behavior and formation of colloidal 
species has been studies for ASDs by simul-
taneous dissolution/permeation system

Slow mass transfer in the system leads to long 
experimental times

Lack of high-throughput
In vitro dissolution absorption system 2 
(IDAS2) (27)

Conventional dissolution mounted with two 
permeation chamber each separated by a 
Caco-2 cell monolayers

Improved in vivo prediction helps to optimize 
formulation development and establishing 
physiologically based models

The large surface area of the intestinal surface 
cannot be replicated using Caco-2 cell mon-
olayers

Long incubation period during cell culture and 
control of UWL may limit their application

Drug dissolution/absorption simulating sys-
tem (DDASS) (28)

A screening method for dissolution/permea-
tion interplay during formulation step

Drugs with different pKa have been tested
Level A IVIVC was obtained

Lack of high-throughput
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different colloidal and molecular species through the UWL 
is proportional to its diffusion coefficient and drug loading 
in the formulation.

SIGNIFICANCE 
OF SOLUBILITY‑PERMEABILITY 
INTERPLAY

It is often observed that conventional techniques used to 
increase apparent solubility results in a trade-off with perme-
ability resulting in the loss of solubility-advantage gained by 
these techniques (38). This is attributed to a low distribution 
coefficient of the drug between the intestinal milieu and the 
absorption membrane. The drug-complex or the micellar 
structure formed by the solubility enabling techniques like 
complexation and surfactant solubilization is responsible for 
a change in distribution coefficient which is directly propor-
tional to the permeability and passive diffusion of the drug 
across the membrane (39, 40).

This can be explained by the modified Noyes-Whitney 
equation for mass transport per unit time (dM/dt) across a 
membrane under a steady state.

where A the surface area, Cs the saturation solubility, D is 
the membrane diffusivity of a drug, and K is the distribu-
tion coefficient of the drug between intestinal fluid and the 
intestinal membrane of thickness h. The flux of a drug across 
a membrane is limited by the diffusion across the unstirred 
water layer (UWL) and the absorption membrane which 
can be explained by a steady-state dissolution and diffusion 
model. The permeability across the two diffusion barriers, 
i.e., the UWL and the absorptions membrane, depends on 
the diffusion coefficient of the diffusing species (molecule, 
micellar, colloidal form, etc.) according to Fick’s first law. 
Permeability across the UWL is given by the equation where 
P is the permeability, D is the diffusion coefficient of the dif-
fusing species, and h is the thickness of the diffusion barrier.

Equation 1 is used for the permeability across a mem-
brane. The product of permeability and concentration gives 
the value of flux across a diffusional barrier. The rate limit-
ing step in absorption depends on the properties of the drug 
and its propensity to form colloidal and micellar structures 
as highlighted above in this section (31).

(1)
dM∕dt = DAKCs∕h = PACs

where permeability coefficient P = DK∕h

(2)PUWL = Deff∕hUWL

Fig. 2.   Various processes and 
rate-limiting steps in the absorp-
tion of a drug during dissolution 
of ASDs
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Techniques like the cosolvancy and hydrotrophy have 
also been associated with a trade-off between solubility and 
permeability (40–42). Therefore, treating solubility and per-
meability in isolation may result in misleading information 
on drug absorption and availability. One of the advantages of 
using an ASD formulation is that in most cases, an increase 
in apparent solubility is translated into improved passive 
absorption, unlike other solubility enabling techniques (10, 
43–45).

ROLE OF SPECIATION AND DEGREE 
OF SUPERSATU​RAT​ION (DS)

Speciation refers to the free drug that is available for absorp-
tion relative to the bound drug (26). During dissolution, the 
released drug may be available in different molecular and 
bound species, viz. ionized, unionized, and bound forms 
(micellar aggregates, liposomes, mixed micellar form, etc.) 
in complex biological media (46, 47) (Table III).

Micelle forming polymer has been used to stabilize SS by 
sequestering the drugs in the micellar corona by a non-cova-
lent interaction between the polymer and the drug (48, 49). 
Speciation results in different forms of the drug (with vary-
ing thermodynamic activity) in a supersaturated state with a 
consequent effect on the absorptive flux (50). The apparent 
permeability of a drug is contingent on the thermodynamic 
activity of the molecular species. The drug concentration 
is related to its thermodynamic activity (α) by the equation

where γ is the activity coefficient of the drug which is equal 
to one, at or below equilibrium crystalline solubility. The 

(3)(�) = (�C)

thermodynamic activity of the drug is the driving force 
for the absorptive flux (J) across a membrane given by the 
equation

where M is the mass, A is the surface area for absorption, h 
is the thickness of the membrane, D is the diffusivity, and γm 
is the activity coefficient of the drug in the membrane. Here 
D, h, and γm are constant, and therefore flux is directly pro-
portional to the thermodynamic activity. In a supersaturated 
state, the flux across an absorptive membrane depends on the 
thermodynamic activity of the drug and not on the concen-
tration (26, 51). Speciation determines the thermodynamic 
activity with the free form of a drug showing maximum 
thermodynamic activity and therefore the maximum flux.

Supersaturated state of a drug is often defined by the DS. 
Both solubilization and SS increase apparent solubility, yet 
demonstrate different thermodynamic consequences in terms 
of flux across a membrane. The DS in the presence of a 
solubilizing agent must be defined on thermodynamic terms 
because of its impact on membrane transport. The DS is a 
critical determinant of the amount of free drug available for 
absorption and drug precipitation.

DS is fundamentally expressed as follows (52).

obtained from Eq. (3) i.e., α = γC
In most practical purposes, DS is expressed by the 

equation

assuming that γ/ γ* ~ 1 which is reasonable for dilute solu-
tions. DS is directly proportional to the flux because of the 

(4)J = dM∕(Adt) = D�∕h�
m

(5)In(DS) = In(�∕�∗) = In(�C∕γ∗C∗)

(6)DS = C∕C∗

Table III.   Different types of molecular and colloidal species and the nature of precipitate formed during dissolution of ASDs

Drug species/precipitates Source of the molecular species/
precipitates

Desirable outcomes Undesirable outcomes

Surfactant micelles Excipient in formulation or physi-
ological bile surfactants

Small size improves diffusion 
across UWL

Drug which are membrane 
rate-limited may not have any 
improvement

Polymeric micelles Polymeric excipient in the formu-
lation

Can improve solubility of dissolu-
tion-limited drugs

Permeability may be micelle size 
dependent

Amorphous colloidal aggregates Generated during LLPS when drug 
solubility surpasses amorphous 
solubility

Improves diffusion across mem-
brane by acting as drug reservoir

Precipitation from the aggregates 
can happen spontaneously

Lipid micelles Formed from phospholipids pre-
sent in bile salts and lipid compo-
nent of human intestinal fluid

Improves absorption by partition-
ing across lipid membrane for 
permeability-limited drugs

Can undergo lipolysis

Ionized/Unionized drug Governed by pH of the microenvi-
ronment and the pKa of the drug

Unionized form of the drug 
improves passive absorption

Ionization may increase solubility 
but may reduce permeability

Precipitate types Drug property, precipitation kinet-
ics, presence of excipients etc

Amorphous precipitates can redis-
solve

Low dissolution of crystalline 
precipitates
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direct relationship between flux and activity as shown in 
Eq. 4 assuming that γ/ γ* ~ 1.

The assumption that DS = C*/C and γ/ γ* ~ 1, however, 
breaks down in the presence of solubilizing agent at a super-
saturated state and underpredicts the DS (53). A solubilizing 
agent although can increase the saturation concentration (C) 
of the drug, but its DS is reduced by a factor depending on 
the solubilizing effect. The low DS results in a consequent 
reduction in flux, as a result of which the presence of solu-
bilizing agent shows lower flux as compared to a solution 
with the same concentration without a solubilizing additive. 
The flux data is therefore the most reliable metric for the 
prediction of the DS (54). Solubilization capacity varies as 
a function of the rise in concentration during SS which con-
founds the determination of DS (53).

A high DS can increase the drug available for absorp-
tion; however, at the same time, it can result in a consequent 
high de-supersaturation by crystallization. The relation-
ship between DS and induction time (tind) for precipitation 
according to classical nucleation theory is as shown in Eq. 5 
(55).

where α and β describe tind at high and low DS. Drugs show-
ing a high β value can show stable SS over a longer duration 
if DS is kept sufficiently low. Drugs have been ranked based 
on their propensity to supersaturate based on β value (13).

THE INTERPLAY OF SOLUBILIZATION, 
SUPERSATU​RAT​ION, AND PERMEABILITY

A surfactant can have a variable effect on permeability 
across a membrane. Multiple mechanisms by which sur-
factant can influence SS and permeability are shown in 
Table IV.

(7)In (t
ind
) = � + � In (DS)−2

The molecular state of a drug during dissolution influ-
ences its permeability across a membrane. The surfactant, 
poloxamer 407 has been shown to retard the permeability of 
carbamazepine due to the size of surfactant micelles formed 
during dissolution which has been attributed to the large 
size of the polymer molecule (65). It has also been reported 
that poloxamer enhances permeability below its critical 
micelle concentration (CMC) (66). It has been suggested 
that supersaturation by using polymeric precipitation inhibi-
tors is more likely to improve permeation than surfactant 
stabilization (67). Colloidal stability of the micelles during 
dissolution is critical as in contact with biorelevant media, 
anionic micelles tend to destabilize resulting in drug pre-
cipitation due to the formation of mixed micelle. Polysorb-
ate micelles however were found to be stable without the 
forming mixed micelle (68). Surfactants can form micelles 
above the CMC and surfactants with low CMC value tends 
to form stable micelles upon dilution (CMC ≪ 1 mM) (69).

Different colloidal and micellar species of a drug will 
have a different impact on the diffusive transport that can 
be explained by the Stokes–Einstein equation according to 
which diffusivity of the species (Dm for micelles, Dc for 
colloidal species) is inversely proportional to the particle 
diameter (dc and dm) (32).

Diffusivity of colloidal species can be calculated using 
the Stokes–Einstein equation based on the hydrodynamic 
diameter measured by dynamic light scattering (DLS). The 
flux across a membrane can be calculated from the concen-
tration gradient across the membrane following steady-state 
diffusion with the assumption that the rate of dissolution/
generation of micelles is faster than its diffusion in the UWL 
(32).

D-α-tocopheryl polyethylene glycol 1000 succinate 
(TPGS) on the other hand has been shown to improve 
supersaturation stability by reducing DS and prevent drug 

Dm∕Dc = dc∕dm

Table IV.   Mechanisms by which a surfactant can influence supersaturation and permeability during dissolution of ASDs in complex media

NIT nucleation induction time, CMC critical micelle concentration

Effect of Surfactant on Effect on ASD properties

Solubility Enhance wetting (56) Improve dispersibility (57)
Dissolution Enhance dissolution and supersaturation (58) Inhibition of dissolution rates (57)
Crystallization Surfactant may influence NIT above and below its 

CMC (59)
Inhibit crystallization (60, 61)

Liquid–liquid phase separation Can partition into the nanodroplets during LLPS and 
stabilize it (62)

Partitioning into nanodroplets may reduce the ther-
modynamic activity of a drug (62)

Unstirred water layer (UWL) Surfactant micelles can increase or decrease mass 
transport across the UWL (32, 35, 63, 64)

Particle drifting due to change in diffusivity in the 
UWL may be the mechanism for variation in mass 
transport (1)

Thermodynamic activity Solubilization reduces thermodynamic activity and DS 
of a drug (54)

Low thermodynamic activity translates into low 
absorptive flux. (53)
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crystallization due to steric hindrance (70). A 40% increase 
in drug absorption was observed with TPGS in combina-
tion with HPMCAS. Surfactants such as TPGS can improve 
absorption by blocking the efflux pump pg-p glycoprotein 
(44, 71) and also by altering the biophysical property of the 
absorption membrane (72).

Surfactant solubilization on the one hand can increase 
the concentration of the dissolved drug, but on the other 
hand, it may negatively influence drug permeability, whereas 
polymers can stabilize drug SS with negligible effect on 
permeability (65). Different permeability behavior may be 
attributed to a different association between the drug and the 
excipients. The colloidal species formed during the dissolu-
tion due to the presence of solubilizing components either 
as excipients in the ASD formulation or the intestinal physi-
ological media can influence the supersaturated state and 
thermodynamic activity of a drug with a consequent effect 
on the permeability of a drug. The difference in molecular 
interaction between surfactant, polymer, and the drug can 
influence permeability due to a change in the thermody-
namic activity of the drug. Formulation sensitive to nano-
speciation can be utilized for improving the permeability of 
drugs (73). This has been demonstrated by a nearly twofold 
increase in permeability of 17β-Estradiol, a non-ionizable 
poorly soluble drug in the presence of polysorbate 80 (1).

However, another experimental/computational study shows 
that surfactant and cyclodextrins can retard molecular diffu-
sion across the UWL by decreasing the relative diffusivity 
and concentration gradient of drug molecules (64). Drugs for 
which membrane permeability is a limiting factor, on the other 
hand, show no effect of surfactants. It has been reported that 
nanoformulation strategy can have little or no benefit on bio-
availability for drugs with low membrane permeability (74). 
Contrary to this report, a recent study on the effect of in situ 
formed colloidal species on oral bioavailability shows that the 
nanospecies formed during dissolution can also increase the 
bioavailability of molecules with low membrane permeability 
(75). It was hypothesized that apart from the particle drifting 
property of the colloidal species across the UWL, other yet 
unknown mechanisms are thought to play a role in oral absorp-
tion. Solubilization can have a profound impact on the SS and 
absorptive flux by influencing the amorphous solubility, LLPS, 
and membrane transport of drug molecules. During dissolution 
of ASDs, several different drug species may coexist in media, 
and its effect on membrane transport gives key insights into 
oral drug absorption (31).

Supersaturation and solubilization, although are solubility 
enabling techniques but both have a different effect on the 
membrane transport. In the presence of solubilizing additives, 
the increase in solubility is a poor predictor of the absorptive 
flux (53). Instead, the thermodynamic activity of the drug is 
a good predictor of absorptive flux. The solubilization tech-
nique results in a dynamic equilibrium between free drug and 

the micellar drug, and the solute activity is determined by the 
free drug. Factors that influence the solute activity include 
the solubilizing capacity of the media, formulation additives, 
the property of the drug, and the drug concentration. Micel-
lar partitioning (Km/w) has been used as a parameter to study 
the effect of concentration on solubilization where it has been 
observed that the value of Km/w is much lower at amorphous 
solubility when compared to crystalline solubility (54). The 
concentration-based DS grossly underpredicts the membrane 
transport, whereas activity-based SS is a good predictor of 
membrane flux in surfactant-containing media. It is hypoth-
esized that in a supersaturated state at higher DS, the micelles 
lose the capacity to solubilize the same fraction of the drug 
that is solubilized at the saturated state. This results in a larger 
fraction of the molecular form of the drug with higher solution 
thermodynamics at a supersaturated state.

It has been demonstrated that flux measurement and kinetic 
solubility determination can be used to predict food effect and 
bioequivalence among different itraconazole formulations 
(sporanox solution vs sporanox capsule) (76). The flux meas-
urement was able to predict even a slight change in food effect 
and was found to be a very sensitive method to a change in 
the microenvironment. The results of flux measurement were 
found to agree with in vivo results.

COMPETITIVE KINETIC PROCESSES 
INFLUENCE A DYNAMIC SUPERSATU​RAT​
ION AND ABSORPTIVE FLUX

Methods that can analyze polymer dissolution, crystalliza-
tion, and permeability across a membrane can provide a 
complete picture of the drug available for absorption. SS 
stability and phase separation are a consequence of the inter-
play between different competing kinetic processes (Fig. 3).

Flux measurement is influenced by dissolution, precipita-
tion, and permeability, events responsible for the evolution 
of a supersaturated state of the drug. Permeation across the 
membrane relieves the supersaturated state of the thermo-
dynamic drive to precipitate by reducing the DS. The mass 
transport across a membrane depends on the initial DS (16). 
Crystallization inhibition during SS is considered to be the 
most important step in maintaining drug SS. Other proper-
ties of a polymer are also important notably the rate of dis-
solution of the polymer. In a recent study, it was reported 
that the most efficient crystallization inhibitor used in the 
study was outperformed by a less efficient inhibitor in terms 
of increasing the in vivo rate and amount of drug absorbed 
(77). The interplay between crystallization inhibition and the 
rate of polymer dissolution was found to be responsible for 
sustained SS. Fast polymer dissolution allows drug release 
from ASDs, and sufficient polymer is made available in the 
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dissolution media for crystallization inhibition. Polymer dis-
solution is also influenced by the physicochemical property 
of a drug (1). Phase separation occurs due to competitive 
kinetics between a polymer-controlled dissolution and drug-
controlled dissolution with the former leading to LLPS (78). 
Drug loading in ASDs was found to be a determining factor 
with a low drug loading resulting in polymer-controlled drug 
release. There is a threshold value of drug loading below 
which LLPS occurs where drug release due to polymer dis-
solution dominates, resulting in high flux. At higher drug 
loading, the kinetics of matrix phase separation and crys-
tallization is dominant with a resultant low flux. Different 
techniques used for studying these kinetic processes and 
drug-polymer interaction are highlighted in Table V.

The variability in solubility advantage among different 
approaches in ASDs has been ascribed to the rate of gen-
eration of SS (83). Methods to control the sudden surge 
of SS during dissolution can be a method to prevent rapid 
de-supersaturation by nucleation and crystallization (84). 
There exists a critical SS below which SS can be sustained 
without sudden de-supersaturation. The critical SS corre-
sponds to a particular dose that can sustain the SS effect 
(85). Therefore, maintaining DS below a threshold level can 
sustain SS. The use of water-insoluble polymer to reduce 
the rate of supersaturation by a matrix diffusion method is 
an alternate strategy to maintain prolonged SS without the 
need for crystallization inhibitors (86, 87). The influence 
of drug permeability can have a profound influence on all 
the kinetic processes mentioned above since the DS and the 
molecular species formed during dissolution is determined 
by the drug, excipient, and the technology employed for the 
formulation of ASDs.

LIQUID–LIQUID PHASE SEPARATION (LLPS) 
AND ITS ROLE IN MEMBRANE TRANSPORT

Drugs that are slow crystallizers undergo LLPS to form 
a drug-rich nanodroplet phase which exists in metastable 
equilibrium with a drug lean solution phase (25, 88). For 
drugs that are fast crystallizers, the presence of polymer can 
retard crystallization and induce LLPS. The phase separa-
tion is predicted to occur near the amorphous solubility and 
depends on the pKa of the drug and the pH of the disso-
lution media which changes progressively in the GI tract 
(59). LLPS during the dissolution of ASDs generates con-
stant flux across a membrane which has been attributed to 
the reservoir effect of the drug-rich nanodroplets formed 
during LLPS (25, 26). The nanodroplets formed by LLPS 
act as a reservoir to replenish the drug removed by mass 
transport across a membrane into the receptor compartment, 
thereby maintaining a constant flux. The duration of constant 
flux depends on the number of nanodroplet and the amount 
of drug in the nanodroplet phase (24). This is critical for 
the in vivo performance of ASDs because the formation of 
LLPS has shown to improve plasma exposure of drugs in 
animal studies, and recently LLPS has also been observed in 
the aspirated human intestinal fluid (57). The rank order of 
oral absorption of ASD formulations correlates with in vitro 
flux in the presence of biorelevant concentration of bile salts 
(32). Diffusion of a drug across the membrane stabilizes 
the nanodroplet phase by preventing crystallization from 
occurring. Excipients that can stabilize these drug-rich nan-
odroplets are thought to improve drug absorption without 
precipitation (89).

The polymer dissolution rate and the formation and sta-
bility of the nanodroplet phase have been suggested to be 
critical for the formulation optimization of ASDs (90). The 

Fig. 3.   Competing kinetic 
processes give rise to a dynamic 
supersaturation in situ during 
the dissolution of ASDs that 
depends on the formulation and 
physiological factors
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size and the stability of the nanodroplet phase with respect 
to time depend on the excipient used and are important for 
sustained SS and constant flux (25). The polymer, depend-
ing on its property, is incorporated in the nanodroplet phase 
which correlates with the nanodroplet stability and SS sta-
bility (91). However, in a recent study, it has been reported 
that the extent to which polymer is incorporated in the nan-
odroplet phase is not the sole predictor of SS stability (62).

The DS has a major influence on the predictive power of 
in vitro dissolution, and therefore the decision on the dose 
setting is important for in vitro in vivo correlation (IVIVC). 
The DS can also influence LLPS during ASD dissolution. 
A high DS can dramatically influence crystallization with-
out LLPS. Limited DS can lead to LLPS. LLPS has been 
observed in dissolution experiments with a permeability 
compartment. The presence of an absorption sink influ-
ences the DS due to mass transport across the membrane that 
reduces the thermodynamic drive for precipitation, thereby 
maintaining SS (92). An absorptive compartment is deci-
sive for predictive dissolution. However, the surface area 
to volume is an important issue as the area/volume ratio in 
the intestinal tract of humans is 1.9 cm−1 to 2.3 cm−1 which 
is difficult to replicate in an in vitro setup which is typi-
cally < 0.5 cm−1 in a conventional side-by-side diffusion cell 
(93).

Excipients can have contradictory effects on the perfor-
mance outcome. On the one hand, polymers/surfactants can 
stabilize SS and LLPS; on the other hand, they can reduce 
the thermodynamic activity of the drug which can influ-
ence its absorptive flux. In a recent report, it was observed 
that a combination of a polymer and surfactant was able to 
reduce the size of the nanodroplets formed during LLPS 
by its incorporation into the droplet phase (62). Incorpora-
tion of these excipients however reduces the thermodynamic 
activity with a resultant lowering of the DS and absorptive 
flux. Methods to screen excipients that maximize this ther-
modynamic drive are therefore required. It has been reported 
that the phase distribution of excipients determines the 

thermodynamic drive for mass transport across an absorp-
tive membrane (62).

ROLE OF NON‑SINK CONDITION 
IN DISSOLUTION OF ASDS

The ability of an ASD formulation to generate and sustain SS 
is studied under non-sink conditions (4). All the competing 
kinetic processes which occur during the dissolution of ASDs 
are influenced by the deviation from the sink condition. The 
degree of deviation from sink condition is contingent on dis-
solution conditions like the media volume, its composition, 
and dose of the drug. Therefore, a careful study of the condi-
tions under which the dissolution is carried out is critical while 
designing a dissolution study (94). The onset of nucleation and 
crystallization and the rate and extent of drug SS depends on 
the non-sink condition of the study. Therefore, characterizing 
the level of sink condition is a critical aspect for the design 
of a dissolution study. The effect of SS on phase behavior 
can be studied under non-sink conditions which mimic the 
in vivo behavior (95) The USP also provides the flexibility to 
use non-sink dissolution, provided the scientific rationality of 
the study is justified. However, due to regulatory concerns, 
industries try to rely on compendial methodologies which are 
based on dissolution under sink condition. The problem of 
setting up specifications and regulations for carrying out non-
sink dissolution has been a subject of discussion (87, 89). To 
account for the deviation from traditionally used sink condi-
tion, a dimensionless parameter called the sink index (SI) has 
been proposed (96).

SI is the ratio of Cs (solubility of the crystalline drug) to the 
drug concentration upon dissolution of the complete dose in 
the dissolution media with a volume V. SI is the reciprocal of 

SI = C
s
× V∕Dose

Table V.   Different techniques 
used for studying competing 
kinetic processes/parameters 
during dissolution of ASDs

Abbreviation: SEM scanning electron microscope, NOESY overhauser effect spectroscopy, DOSY diffu-
sion-ordered NMR spectroscopy, NTA nanotracking analysis, UV ultraviolet extinction measurements, 
PLM polarized light microscopy, FS fluorescence spectroscopy, DLS dynamic light scattering; NMR pro-
ton nuclear magnetic resonance spectroscopy

Processes/parameters Techniques References

Supersaturation and precipitation kinetics Solvent shift method, turbidimetry (11–13, 79)
Polymer dissolution kinetics Gel filtration chromatography (78)
Nanodroplet formation by LLPS UV, FS, NMR, PLM (26, 80, 81)
Stability of nanodroplet phase DLS, SEM, NTA (59, 62, 82)
Effect of UWL on absorption kinetics Diffusion experiments (31, 32)
Drug permeability Diffusion cell (26, 54)
Drug diffusion coefficient DOSY, NOESY (48)
Thermodynamic activity and DS Flux measurement in complex media (26, 54)
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the DS mentioned in Eq. 3. A perfect sink condition as defined 
by the USP corresponds to a SI > 3. A SI value of around 0.1 
corresponds to a non-sink condition which accentuates the 
DS and corresponding increase in the rate of nucleation and 
crystallization demonstrating the spring and parachute effect. 
The shape of the dissolution curve depends on the SI (95). It is 
therefore critical to state the SI values as it is a key determinant 
of the kinetic processes occurring during dissolution.

Although non-sink dissolution can capture the kinetics of 
dissolution, nucleation, and crystallization, the lack of a per-
meability compartment can have a substantial effect on these 
kinetic processes which governs the evolution of a dynamic 
SS state (Fig. 3). Non-sink dissolution with an absorption sink 
has been used as a discriminatory tool to study ASD formula-
tion which shows complex phase changes during dissolution 
(24). Dissolution under absorptive conditions has also been 
used to study the impact of the presence of seed crystals in an 
ASD formulation (97). A high SS shows a significant impact 
on drug crystallization despite the presence of a precipitation 
inhibitor in an absorption sink. At low SS, the impact is how-
ever reduced.

ROLE OF IN SILICO MODELLING 
AND SIMULATION APPROACHES

In silico modelling and simulation approaches are valuable 
tools to understand the effect of the drug, formulation, and 
physiological consideration on in vivo performance. Model-
ling using in silico methods can complement in vitro meth-
ods to reduce the complexity in media selection which can 
then be integrated with physiologically based pharmacoki-
netic (PBPK) models for in vivo prediction. Drug-related 
factors like pKa, partition coefficient, and permeability coef-
ficient can be integrated to dissolution models to predict 
the rate of dissolution as a function of physiological and 
drug-related factors (67). Accurate estimation of dissolu-
tion and permeation is critical for the quantitative prediction 
of oral drug absorption. In silico absorption modelling is a 
powerful tool used to determine the rate-limiting step in oral 
absorption and to define the critical performance attribute of 
ASDs. Mechanistic aspects of in vitro dissolution and how 
it translates into in vivo performance are the most important 
concern and a challenge for the pharmaceutical industry. 
Application of biorelevant techniques and modern analytical 
tools for real-time analysis of kinetic and dynamics pro-
cesses happening during dissolution studies can improve 
the predictive capacity of in silico methods (32). The nano 
colloidal and micellar form of the drug produced during the 
dissolution of ASDs when incorporated into in silico per-
meability simulation was found to agree with in vivo data 
than unmodified effective permeability. This represents the 

contribution of the nanoaggregates and colloids formed dur-
ing dissolution on the performance of ASDs especially when 
absorption is UWL-limited (34). The process of intestinal 
drug precipitation during supersaturation is highly complex 
due to several factors which result in variability of in vitro 
dissolution. In silico test can be used to decipher the subtler 
aspects of intestinal dynamics critical for absorption (96, 
98, 99). Complex molecular approaches are being used to 
simulate molecular interaction with biological membrane 
to gain insight into the transport mechanism to understand 
permeability at the molecular level (100, 101). Complex in 
silico models are used to predict overall drug absorption 
and plasma drug concentration taking into account all the 
physicochemical and physiological parameters.

Molecular dynamic simulation has been used to under-
stand the dissolution and performance of ASDs. Simulation 
of interaction between a drug and bile salts and partitioning 
of the drug in the phospholipid bilayer has been simulated, 
and it is observed that hydrogen bond between drug and 
taurocholate determines the relative solubilization of the 
drug (102). It has been observed that during the dissolution 
of ASDs, the supersaturation stability of a drug in water 
is related to the relative H-bond between drug-drug, drug-
polymer, and drug-solvent molecule (103).

PREDICTIVE ROLE OF DISSOLUTION 
METHODS IN AN ABSORPTIVE 
ENVIRONMENT

A dissolution method should be able to predict the in vivo 
absorption of the drug from a formulation (104). Forecasting 
the in vivo absorption of a drug from in vitro dissolution is a 
challenging task as it is confounded by several gastrointesti-
nal and formulation variables which results in poor predict-
ability (105). Regiospecific changes in the hydrodynamics 
and media composition in GIT like the UWL, media pH, and 
the presence of bile salts can influence product performance 
(106, 107). Physiologically relevant in vitro dissolution 
methods which can capture the biophysical and formulation 
aspects reproducibly require a permeability component in 
the dissolution setup. A one-compartment setup, convention-
ally used for dissolution testing, was found to overestimate 
drug precipitation than a two-compartment setup with a per-
meability component (108). Precipitation can be overesti-
mated under non-absorptive conditions, both in the presence 
and absence of polymers (109). At high DS, precipitation 
event dominates which may compromise mass transport 
across the membrane. Therefore, controlling the DS during 
dissolution is associated with SS stabilization (104).

Drug concentration in the stomach while emptying into 
the intestine is a critical factor for in vivo performance of 

AAPS PharmSciTech (2021) 2 2: 2 43243 Page 10 of 15



Vol.:(0123456789)

ASDs (33). The solubility, dissolution, and residence time 
of a drug and polymer in the stomach can affect in vivo 
exposure to the drug. For example, in the case of enteric 
polymers, pH has a significant impact on polymer dissolu-
tion and consequently on the drug release and absorption 
from the ASD (109). pH shift is also an important aspect 
of the predictive dissolution of weakly basic and acidic 
drugs. Non-linearity of drug absorption is often observed 
with supersaturating systems at different doses (110, 111). 
This has been attributed to dose-dependent increase in DS 
which accelerates the rate of precipitation and destabilizes 
SS, thereby reducing absorption and systemic availability 
of a drug (112–114).

CONCLUSIONS

Understanding the interplay between the competitive pro-
cesses that determine the SS and phase behavior requires 
the development of a biopredictive dissolution method. 
Dissolution and absorption happen simultaneously in the 
intestinal lumen, and therefore, permeability is a criti-
cal component that governs all kinetic processes during 
dissolution of ASDs. The evolution of SS and LLPS is 
critical determinants of membrane flux and performance 
of ASDs. Apart from this, the role of surfactant as excip-
ient in the formulation or as part of the physiological 
media can have a profound influence on the DS, LLPS, 
absorptive flux, nucleation, and crystallization of a drug. 
Absorptive dissolution has been shown to have a remark-
able correlation with in vivo data in comparison to con-
ventional non-sink closed dissolution system (115).

In silico methods are getting more and more acceptance 
from pharmaceutical industry and regulatory agencies for 
decision-making in the drug development process. Inte-
grating in silico PBPK modelling with in vitro biorelevant 
data is gaining prominence among regulators and the phar-
maceutical industry (116, 117). With the improvement of 
computational power and the understanding of complex 
dissolution of ASDs, the in silico methods will gain more 
and more regulatory acceptance.

Crystallization inhibition, maintaining physical and 
chemical stability, achieving the target in vivo drug con-
centration along with low cost and manufacturability 
are key attributes of an excipient that should be tailored 
according to the property of the selected drug. Recent lit-
erature shows that thermodynamic activity of the supersat-
urated solution during dissolution is a key determinant of 
the behavior of ASDs (50, 118). The thermodynamic activ-
ity of a drug is substantially influenced by solubilizing 

and polymeric excipients. In vitro dissolution methods are 
tools to determine the critical performance criteria which 
influence the choice of excipients for an ASD. Complex 
dissolution systems can however increase the operational 
variables, and therefore, dissolution tests should be simple 
to improve reproducibility, but it should capture the rate-
limiting events in the absorption of a drug. The complex 
nature of the interaction between drug, polymer, and sur-
factant during dissolution impacts product performance of 
ASDs. Permeability is a critical component for translating 
in vitro methods to the in vivo performance by developing 
IVIVC models that can reduce product failures and help 
in the risk assessment of ASDs.
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