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A B S T R A C T

Limited drug solubility effects can play a major role for the control of drug release from a variety of drug delivery
systems, e.g. tablets, pellets, implants and microparticles. Importantly, such saturation effects can occur inside
and/or outside the dosage form. This is true for drug release occurring in vitro and in vivo. In vivo, released drug
might be rapidly transported away from the site of administration, e.g. due to absorption into the blood stream.
In vitro, many frequently used experimental set-ups are “closed systems” and eventually drug saturation effects
in the surrounding release medium might artificially occur, “falsifying” the resulting release kinetics. To avoid
such errors, often “sink conditions” are provided: Selecting appropriate release medium volumes, renewal rates
and/or “open systems”, it is assured that the maximum concentration in the release medium does not exceed
about 20% of the drug solubility. However, this does not mean that drug saturation effects within the dosage form
are also avoided. It should clearly be distinguished between potential limited drug solubility effects inside versus
outside the drug delivery system. This articles aims at: (i) giving a brief overview on the underlying physico-
chemical phenomena involved in drug dissolution and drug release, (ii) clarifying some key terms, and (iii)
presenting several examples of dosage forms in which drug saturation effects within the system are of im-
portance, even when providing sink conditions in the surrounding bulk fluid. Interestingly, this can also include
highly hydrated delivery systems containing freely water-soluble drugs.

1. Introduction

A large variety of advanced drug delivery systems is available on the
market, offering potentially decisive advantages compared to conven-
tional dosage forms, such as optimized therapeutic efficacy and reduced
side effects. Often, one of the key properties of the systems is the ability
to control the release rate over prolonged periods of time, e.g. several
hours, days, months or even years (Baker, 1987; Krenzlin et al., 2012;
Reeff et al., 2013; Otte et al., 2018; Lazzari et al., 2018; Le et al., 2018;
Wang and Windbergs, 2019; Ronchi et al., 2019). Different types of
physico-chemical processes can be used to control the release rate of a
drug out of a dosage form (Fan and Singh, 1989; Vergnaud, 1993;
Grassi et al., 2003, 2004; Zhou et al., 2005; Siepmann and Siepmann,
2008; Brandl et al., 2010; Frenning, 2011; Lee, 2011; Marucci et al.,
2008, 2011). This includes for instance diffusional mass transport
(Park, 1986; Borgquist et al., 2002, 2004; Siepmann and Siepmann,
2012), glassy-to-rubbery phase transitions (Siepmann et al., 2006),
drug dissolution & diffusion (Crank, 1975; Cussler, 1984; Siegel, 2000;
Narasimhan, 2001; Frenning et al., 2003; Frenning and Stromme, 2003;
Do et al., 2008), polymer swelling (Borgquist et al., 2006; Chirico et al.,
2007; Laaksonen et al., 2009; Kaunisto et al., 2011) degradation and/or

dissolution (Goepferich, 1996, 1997; Siepmann and Goepferich, 2001;
Fredenberg et al., 2011; Lao et al., 2011; Sackett and Narasimhan,
2011; Doty et al., 2017a, 2017b), autocatalytic effects (Klose et al.,
2006; Kang and Schwendeman, 2007; Versypt et al., 2013), osmotic
effects (Marucci et al., 2010), and the creation of cracks within poly-
meric film coatings (Fahier et al., 2016).

Importantly, the role of drug dissolution can be 2-fold: (i) The dis-
solution rate of the drug might be limited (Frenning 2003, 2004), and/
or (ii) The solubility of the drug might be of importance (Siepmann and
Siepmann, 2013). It has to be pointed out that in the latter case, sa-
turation effects can either occur within the dosage form and/or in the
surrounding bulk fluid. This is true for drug release occurring in vitro as
well as in vivo. Depending on the selected experimental conditions for
in vitro drug release measurements, eventually artificial drug saturation
effects might be observed in the surrounding bulk fluid: For example, in
the case of an orally administered dosage form, the drug absorption rate
in vivo into the blood stream might be higher than the drug release rate
from the delivery system. Consequently, released drug will not accu-
mulate in the contents of the gastro intestinal tract and drug saturation
effects will not be of importance in the patient. However, if a closed
system is used in vitro (e.g. a standard USP paddle apparatus) and if the
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drug dose divided by the volume of the release medium is higher than
drug solubility, artificial saturation effects will occur. To avoid this type
of errors, often so-called sink conditions are provided: The experimental
in vitro conditions are chosen in such a way that the maximum drug
concentration in the bulk fluid does not exceed about 20% of the drug’s
solubility (note that the term “perfect sink conditions” is often used, if
the drug concentration does not exceed 10% of the drug’s solubility).
This might for instance be achieved by using higher dissolution medium
volumes (e.g. 5 L instead of 900 mL) or by frequent (eventually partial)
renewal of the surrounding bulk fluid. Alternatively, “open systems”
might be used for the in vitro drug release measurements, such as flow-
through cells, and appropriate flow rates be provided. However, even if
assuring sink or perfect sink conditions in the surrounding bulk fluid,
this does not mean that no saturation effects can occur at all: Within the
dosage form (e.g. tablet, pellet, implant, microparticle) the drug con-
centration might nevertheless approach drug solubility, and drug sa-
turation effects might very well play a crucial role for the control of the
resulting release kinetics. This should not be forgotten or under-
estimated.

The major aims of this article are: (i) to clarify the meaning of key
terms used in the context of drug dissolution; (ii) to briefly describe the
different phenomena, which are involved in the dissolution of a drug
particle; (iii) to explain how the process of drug dissolution can be
quantified, (iv) to highlight the differences between saturation effects
within a dosage form versus saturation effects outside a dosage form, and
(v) to give several examples of drug delivery systems, in which limited
drug solubility effects play a major role, even if sink or prefect sink
conditions are provided in the surrounding bulk fluid.

2. Definitions

2.1. Drug dissolution

According to the IUPAC (International Union of Pure and Applied
Chemistry) Compendium of Chemical Terminology (the “Gold Book”)
(IUPAC, 2019), the term “dissolution” is defined as “The mixing of two
phases with the formation of one new homogeneous phase (i.e. the solu-
tion).” In the case of a solid drug particle, which dissolves in an aqueous
fluid, one of the two phases is the drug (e.g. in the form of a crystal or
amorphous particle), and the other phase is the aqueous liquid. In-
itially, the two phases are separated, and a solid-liquid interface exists.
Upon dissolution, a new homogeneous phase is formed: the solution of
the drug in the aqueous liquid (individual drug molecules/ions/atoms
are distributed within the liquid), and the interface disappears.

This process of mixing (“drug dissolution”) generally involves dif-
ferent physical phenomena. In the case of a drug particle, which dis-
solves in a well-stirred aqueous bulk fluid, the following 5 major steps
can be distinguished (they are schematically illustrated in Fig. 1):

(1) Upon contact with water, the surface of the drug particle is wetted.
(2) Solid state bonds in the drug particle (e.g. attractive electrostatic

forces in a drug crystal consisting of cations and anions) are broken
down. This process requires energy.

(3) Individualized drug molecules/ions/atoms are surrounded by a
corona of water molecules. This process is also called “solvation”
and can release energy, especially in the case of drug ions (because
of electrostatic interactions between the ions and water molecules,
which are dipoles).

(4) Due to concentration gradients, the individualized drug molecules/
ions/atoms diffuse from the surface of the drug particle at which
they are generated through the liquid, unstirred boundary layer
surrounding the system into the well-stirred bulk fluid. It has to be
pointed out that even in thoroughly stirred aqueous liquids thin
unstirred boundary layers exist directly at the surfaces of the drug
particles (due to adhesion forces). The thickness of these boundary
layers depends on the degree of agitation of the liquid.

(5) Within the well-stirred surrounding bulk fluid, the individualized
drug molecules/ions/atoms are transported by convection: The
mass flow created by the agitation leads to rapid movement of the
water and drug molecules/ions/atoms. Note that this type of mass
transport should not be confused with diffusional mass transport:
Diffusion spontaneously takes place due to the thermal agitation of
the water molecules, also in unstirred aqueous liquids. Convection
is the mass flow of the liquid caused for example by a rotating
paddle or the motility of the gastro intestinal tract. Convective mass
transport is much faster compared to diffusional mass transport. In
well-stirred liquids, diffusional mass transport is often neglected.

Note that drug dissolution can occur within a pharmaceutical dosage
form (e.g. tablet or implant) and/or outside a dosage form (e.g. within a
liquid in the gastro intestinal tract of a patient or a vessel of a dis-
solution tester). The schemes on the left hand side of Fig. 2 illustrate
both types of situations: In the upper cartoon, a drug particle (e.g.
crystal) dissolves in a well-stirred bulk fluid. It is not included within a
pharmaceutical dosage form (this might for instance be the case if an
osmotic pump system releases a drug suspension). In the bottom car-
toon, a drug particle dissolves within a pharmaceutical dosage form, e.g.
a hydrated matrix tablet.

2.2. Drug release

The term “drug release” refers to the event when the drug leaves the
dosage form. This type of process is schematically illustrated on the
right hand side of Fig. 2. Generally, “drug dissolution” and “drug release”
are two phenomena that are intimately related and the terms are –
unfortunately – often used interchangeably, even by regulatory autho-
rities and in official compendia, such as the United States Pharmacopeia
and European Pharmacopeia. This is not always correct, because the
process of “drug release” from a dosage form can be much more com-
prehensive and complex than the process of “drug dissolution”. For ex-
ample, several types of physical phenomena are involved in the control
of drug release from a hydrophilic matrix tablet based on hydro-
xypropyl methylcellulose (HPMC) (Siepmann and Peppas, 2001): Upon
contact with aqueous body fluids, water diffuses into the system. This
leads to polymer swelling and drug dissolution. The dissolved drug
molecules diffuse through the hydrated polymeric network out of the
system. In addition, polymer chains at the tablet’s surface disentangle
from the network and diffuse through the liquid unstirred boundary
layer, resulting in the dissolution of the matrix tablet. Thus, different
processes, including water, drug and polymer chain diffusion, polymer
swelling as well as drug and polymer dissolution are involved in the
process of “drug release”. “Drug dissolution” is only one of these several
steps. To be accurate, the two terms “drug dissolution” and “drug re-
lease” should be used distinctively and with care.

2.3. Drug dissolution rate and drug release rate

The “dissolution rate” of a drug in a liquid (inside or outside a dosage
form) is defined as the first derivative of the concentration of dissolved
drug (individualized drug molecules/ions/atoms) in the liquid with
respect to time. In other words, the dissolution rate is the change in
dissolved drug concentration with time, or: the difference in dissolved
drug concentration in the liquid (dcliquid) in a particular time interval
(dt) divided by this time interval (dt, ideally approaching 0):

=drug dissolution rate
dc

dt
liquid

(1)

Importantly, the liquid can be inside and/or outside the pharma-
ceutical dosage form.

The “release rate” of a drug out of a dosage form is defined as the
first derivative of the drug concentration in the bulk fluid surrounding
the dosage form with respect to time:
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=drug release rate
dc

dt
bulkfluid

(2)

where dcbulk fluid is the change in drug concentration outside the

dosage form in the time interval dt. In most cases, the drug is released in
the form of dissolved drug molecules/ions/atoms. However, in certain
cases, also drug particles can be released from a dosage from (e.g. drug

Drug particle dissolution: 5 main steps 

1) Wetting of the particle’s surface with water 

2) Breakdown of solid state bonds, e.g. in a crystal 

3) Solvation of the individualized species, e.g. ions 

4) Diffusion through the liquid unstirred boundary layer 

5) Convection within the well-stirred bulk fluid 

+ 
+

Fig. 1. Schematic illustration of the 5 main steps, which are generally involved in the dissolution of a solid drug particle in a well-stirred aqueous liquid: (a) wetting
of the particle’s surface with water, (b) breakdown of solid state bonds, e.g. in a crystal, (c) solvation of the individualized drug molecules/ions/atoms, (d) diffusion
of the individualized drug molecules/ions/atoms through the liquid, unstirred boundary layer surrounding the drug particle, and (e) convection in the well-stirred
bulk fluid.
adapted from Siepmann and Siepmann, 2013
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crystals that are pushed out of an osmotic pump system). In these cases,
generally also the non-dissolved drug that leaves the dosage form is
considered to be released (to avoid any doubt, this should ideally be
specified).

2.4. Drug solubility

According to the IUPAC (2019), the term “solubility” is defined as
“The analytical composition of a saturated solution, expressed in terms of
the proportion of a designated solute in a designated solvent, is the solubility
of that solute. The solubility may be expressed as a concentration, molality,
mole fraction, mole ratio, etc.”. Fig. 3 schematically illustrates this defi-
nition for the example of the solubility of a drug in an aqueous liquid:
An excess amount of solid drug (e.g. in the form of crystals, represented
as green cylinder) is exposed to the aqueous phase at a defined tem-
perature and pressure. Once the aqueous phase comes into contact with
the drug particles, the latter start to dissolve. The green stars represent
dissolved (individualized) drug molecules/ions/atoms. With time, the

concentration of dissolved drug molecules/ions/atoms in the aqueous
solution increases. But some of these individualized molecules/ions/
atoms re-precipitate: They “leave” the solution and become again part
of the solid drug particles. This type of event becomes more and more
likely with increasing concentration of dissolved drug molecules/ions/
atoms. Thus, two competing processes occur: “drug dissolution” and
“drug re-precipitation”. At early time points, drug dissolution is domi-
nant and the concentration of dissolved drug molecules/ions/atoms in
the bulk fluid increases with time. However, with time “drug re-pre-
cipitation” becomes more and more important, and at a certain time
point, a dynamic equilibrium is reached: The number of dissolving drug
molecules/ions/atoms equals the number of re-precipitating drug mo-
lecules/ions/atoms. Consequently, the concentration of dissolved drug
in the liquid remains constant. The dissolved drug concentration at this
stage is called “drug solubility” or “drug saturation concentration”.
Please note that the solubility of a drug might depend on different
factors, including the temperature and its solid state form (e.g. poly-
morphic form) and the drug particle size (Florence and Attwood, 2006).

“Drug dissolution” vs. “Drug release”

drug dissolution 
in the bulk fluid 

drug release  
from the dosage form 

drug dissolution  
in the dosage form 

Fig. 2. The terms “drug dissolution” and “drug release” must not be confused: The term “drug dissolution” refers to the “individualization” of drug molecules/ions/
atoms and can occur outside or inside a dosage form. In contrast, the term “drug release” refers to the release of the drug out of the dosage form. Generally, different
processes are involved in the control of the release rate of a drug out of a dosage from, e.g. water diffusion into the system, polymer swelling, drug dissolution,
polymer dissolution and/or degradation, as well as diffusion of dissolved drug molecules/ions/atoms through a (hydrated) polymeric network and/or water-filled
pores. The green circles represent drug particles (e.g. crystals), whereas the green stars represent dissolved (individualized) drug molecules/ions/atoms. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Quantification of drug dissolution

In 1897, Noyes and Whitney proposed the following ground-
breaking equation, allowing to quantify the dissolution rate of a solid
substance (dc/dt) in its own solution (Noyes and Whitney, 1897a,b):

= −

dc
dt

K c c( )s t (3)

where K is a constant; cs denotes the solubility of the substance in the
liquid, and ct is the concentration of dissolved substance at time t.

The basic idea of Noyes and Whitney was to assume that the rate
limiting step in the cascade of events occurring during dissolution is the
diffusional mass transport through the liquid, unstirred boundary layer.
As explained above, generally 5 main steps can be distinguished: wet-
ting, solid bond breakdown, solvation, diffusion through the liquid,
unstirred layer and convection in the well-stirred bulk fluid. These steps
occur in a sequence, one after the other. If one of them is much slower
than the other steps, it will be dominant and determine the overall
process rate (here, dissolution rate). Noyes and Whitney hypothesized
that the diffusion of the individualized molecules/ions/atoms through
the liquid, unstirred boundary layer is the slowest and rate-limiting step
in this series of events. This assumption allows to use Fick’s law of
diffusion (Fick, 1855) to quantify the dissolution rate of a solid in its
own solution (Siepmann and Siepmann, 2013). Note that Nernst and
Brunner did this analysis in some more detail, explaining the physical
meaning of the constant K in the Noyes Whitney equation (Nernst,
1904; Brunner 1904).

4. Saturation effects inside and outside pharmaceutical dosage
forms

Looking at the Noyes-Whitney equation (Eq. (3)), it becomes ob-
vious that the dissolution rate of a drug (dc/dt) slows down, if the
concentration of dissolved drug molecules/ions/atoms (ct) approaches
drug solubility (cs): The solubility of the drug is generally constant

during drug release, while the concentration of dissolved drug (at least
initially) increases with time. Thus, the difference “cs – ct” decreases,
and the release rate decreases. An important question is to which extent

Drug solubility: Dynamic equilibrium 

Fig. 3. Schematic presentation of the definition of the term “drug solubility”
(adapted from Siepmann and Siepmann, 2013). The green stars represent dis-
solved (individualized) drug molecules/ions/atoms, whereas the green cylinder
represents non-dissolved drug excess (e.g. drug crystals). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Saturation effects inside vs. outside a dosage form 

no saturation 
no saturation 

saturation 
no saturation 

saturation 

saturation 

no saturation 
saturation 

e.g. due  
to local pH 

Fig. 4. Schematic presentation of potentially occurring drug saturation effects
inside and outside a dosage form during drug release. Four cases can be dis-
tinguished, as illustrated. The green circles represent drug particles (e.g. crys-
tals), whereas the green stars represent dissolved (individualized) drug mole-
cules/ions/atoms. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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this occurs. In an extreme case, the concentration of dissolved drug
finally equals the saturation concentration. Consequently, the dissolu-
tion rate approaches zero. In other words, the dissolution of the re-
maining drug particles is “stopped” by the drug molecules/ions/atoms
that are already in solution (to be precise: a dynamic equilibrium is
reached: the number of dissolving drug molecules/ions/atoms equals
the number of re-precipitating drug molecules/ions/atoms, as described
above). Such saturation effects can very well occur and play a major
role during in vitro release measurements as well as in vivo in the pa-
tient’s body. Importantly, saturation effects can be of importance within
the dosage form and/or outside the dosage form. This articles aims at
clarifying the difference between these events, which are unfortunately
sometimes confused in the literature.

Fig. 4 schematically illustrates 4 types of situations that can occur.
From the top to the bottom the following cases are shown: (i) No drug
saturation effects are observed inside and outside the system, e.g. a
tablet, implant, capsule or microparticle. (ii) Drug saturation effects are
important within the dosage form, but not outside. (iii) Drug saturation
effects are not of importance inside the system, but outside. This si-
tuation can occur, if the drug solubility is different inside vs. outside the
dosage form, e.g. in the case of a drug with pH dependent solubility and
a local pH inside the system, which is favorable for drug dissolution and
different from the pH outside of the system. (iv) Drug saturation effects
occur inside and outside the system.

As explained above, the term sink conditions is used to describe si-
tuations in which no noteworthy drug saturation effects are observed
outside the dosage form (corresponding to the two schemes at the top of
Fig. 4). Thus, even providing sink conditions, drug saturation effects
within the dosage form might be of crucial importance for drug release
(corresponding to the second scheme from the top of Fig. 4). Several
examples are discussed in the following.

5. Examples for saturation effects within the dosage form despite
sink conditions

5.1. The classical Higuchi equation

In 1961, Takeru Higuchi proposed his seminal equation, allowing to
quantify the release of a drug from a thin ointment film, if the initial
drug concentration in the system is much higher than the drug’s solu-
bility in the ointment (and if sink conditions are provided in the release
medium/skin) (Higuchi 1961,1963):

=

M
A

c Dc t2t
ini s (4)

where Mt is the cumulative amount of drug released from the film at
time t; A denotes the surface area exposed to the release medium/skin;
cini is the initial drug concentration, which is much higher than the
solubility of the drug in the film (cs); and D is the diffusion coefficient of
the drug in the ointment film.

Later on, this equation was also applied to thin polymeric films and
other types of dosage forms, unfortunately sometimes erroneously
(Siepmann and Peppas, 2011; Paul, 2011). The schemes in Fig. 5 il-
lustrate the basic concept proposed by Takeru Higuchi to derive his
famous equation. In brief, fine drug particles are initially homo-
geneously dispersed within a thin film. The latter does not dissolve or
swell to a noteworthy extent. Importantly, the initial drug concentra-
tion (cini) is much higher than the solubility of the drug in the film (cs).
Thus, most of the drug is present in the form of non-dissolved drug
particles (e.g. crystals), and only a small portion is dissolved (e.g. in the
form of individual drug molecules). This is illustrated by the circles and
stars in the cartoons in Fig. 5. Once the film comes into contact with the
release medium (in the case of an ointment, the skin acts as release
medium), dissolved drug molecules/ions/atoms diffuse out and are
“released”. Please note that for the derivation of the classical Higuchi
equation, perfect sink conditions are considered in the release medium

during the entire duration of drug release (absence of drug saturation
effects in the “bulk fluid”/skin).

Once drug molecules/ions/atoms are released, parts of the non-
dissolved drug excess in surface near regions start to dissolve. As this
drug dissolution step is generally much more rapid than drug diffusion
through the ointment, it can be assumed that the concentration of
dissolved drug molecules/ions/atoms is about constant in these film
regions as long as non-dissolved drug excess exists: the system is satu-
rated with the dissolved drug species. However, at a certain time point,
all the non-dissolved drug excess in the outermost film region will be
dissolved. At this time point, also dissolved drug molecules/ions/atoms
from “deeper film regions (farer away from the surface) will start dif-
fusing out. With time the thickness of the zone free of non-dissolved
drug excess increases. In other words, the front separating the “film
region free of drug excess” and the “film region still containing non-
dissolved drug excess” slowly moves inwards. A key consideration of
Takeru Higuchi was that the rate at which this front moves is very low,
because the initial drug excess is very high (e.g. cini > 10 cs). Thus, it
takes a long time for all the drug excess to dissolve in a particular region
once this front arrives. If the front moves very slowly, it can be con-
sidered to be “quasi stationary”, without introducing too much error.
This is a so-called “pseudo-steady state” assumption (“pseudo”, because
it only appears to be a steady-state, in reality, the front moves very
slowly). Considering the front to be stationary, it can be shown (using
Fick’s law of diffusion) that the concentration gradient between this
position in the film and the release medium is linear: This is highlighted
as red straight line in the scheme in Fig. 5b. The surface area of the
trapezoid in this cartoon reflects the amount of drug released at this
time point. Using very simple equations to calculate this surface area,
Takeru Higuchi derived his famous equation. The interested reader is
referred to the literature for more details, e.g. Siepmann and Peppas
(2011). Please note: Without the assumption of negligible drug con-
centrations in the release medium/skin (“sink conditions”), the bottom
point of the trapezoid (Fig. 5b) would not be at “zero”, and the equa-
tions Takeru Higuchi applied would not be valid.

5.2. Hydrophilic matrix tablets loaded with sparingly soluble drugs

Fig. 6 shows an example for a hydrophilic matrix tablet (based on
HPMC) loaded with a sparingly soluble drug (theophylline), in which
limited drug solubility effects within the system play a role for the
control of drug release. Outside, in the surrounding bulk fluid (900 mL
phosphate buffer pH 7.4 or 0.1 N HCl) sink conditions were provided
throughout the experiments. The USP paddle apparatus was used
(37 °C, 100 rpm). The solubility of the drug in the media at 37 °C was
12.0 mg/mL (phosphate buffer pH 7.4) and 15.4 mg/mL (0.1 N HCl),
respectively (Bodmeier and Chen, 1989). On the left hand side, the
absolute cumulative amounts of drug release are shown as a function of
time, on the right hand side the respective relative amounts are plotted.
The initial drug loading was varied from 1 to 60 or 70%, as indicated.

Looking at the left hand side, it can be seen that the absolute theo-
phylline release rate increased with increasing initial drug content, ir-
respective of the type of release medium. This can be attributed to the
fact that with increasing drug loading the polymer content decreases
(from 99 to only 30 or 40% in these cases). Thus, the density of the
macromolecular network decreases and, hence, the resistance to drug
release. Or in other words: Upon dissolution of a drug particle, a cavity
is created, which is filled with water. With increasing initial drug
loading, the total volume of the created cavities increases. Obviously, it
makes a difference for the remaining drug whether 1 or 60/70% of the
system is replaced by water. This phenomenon can be called “increased
porosity effect” with increasing drug loading. Interestingly, looking at
the right hand side of Fig. 6, another phenomenon becomes evident:
When increasing the initial drug content from 1 to 40% in 0.1 N HCl,
the relative drug release rate decreased, and when further increasing the
drug loading to 60%, the release rate increased again. Similarly, in
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phosphate buffer pH 7.4 the relative drug release rate decreased when
increasing the drug loading from 1 to 60%, and increased again when
increasing the drug loading to 70%. This indicates that limited solubi-
lity effects within the hydrated matrix tablets are of importance, while
sink conditions are provided outside of the dosage form. The reasons for
this are explained in more detail in the following.

This situation corresponds to the second cartoon from the top in
Fig. 4: Upon diffusion of water into the system, the drug dissolves, but
the amount of water available for theophylline dissolution within the
tablet is not sufficient to dissolve the entire drug amount. Thus, dis-
solved and non-dissolved drug co-exist within the system. Importantly,
only dissolved theophylline is available for diffusion. Thus, increasing
the initial drug loading does not increase the concentration of dissolved

theophylline inside the tablets, the hydrated polymeric structure is sa-
turated with theophylline. Consequently, the resulting concentration
gradients of dissolved drug (being the driving forces for diffusion) do
not increase with increasing drug loading: The difference in dissolved
drug concertation inside-outside is already maximal (being saturated
inside, negligible outside). Hence, the absolute drug release rate would
not increase in the absence of the above described “increased porosity
effect” (please see above). However, the 100% reference value for the
calculation of the relative drug release rate increases (the total amount
of drug initially present in the tablet). Hence, the relative drug release
rate decreases. This can also be called “limited drug solubility effect”
(within the tablet). At lower loadings, this effect dominates, whereas at
very high loadings (above 40 or 60%), the “increased porosity effect”

Classical Higuchi equation 

a) time t=0 

b) time t 

cs

cini

direction of drug release 

perfect sink 

release medium 

cs

cini

direction of drug release 

perfect sink 

pseudo-steady-state 

h 

release medium 

tcDc2
A
M

sini
t =

Fig. 5. Schematic presentation of the conditions
and drug concentration-distance profiles in thin
films considered by Takeru Higuchi for the de-
rivation of his classical equation: (a) before ex-
posure to the release medium (t = 0), and (b)
after exposure to the release medium (at time t).
Importantly, linear concentration gradients can
be considered, due to the high excess of drug (cini
≫ cs) (pseudo-steady-state approach). The green
circles represent drug particles (e.g. crystals),
whereas the green stars represent dissolved (in-
dividualized) drug molecules/ions/atoms. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
adapted from Siepmann and Siepmann, 2013
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dominates. Please note that this description is somewhat simplified,
neglecting polymer swelling and spatially inhomogeneous drug and
polymer concentrations, but the main principles are valid.

5.3. Hydrophilic matrix tablets loaded with freely soluble drugs

Even in the case of freely water soluble drugs and highly swollen
polymer matrices, limited drug solubility effects within the system can
be of importance (while providing sink conditions outside). For ex-
ample, the diagrams at the top of Fig. 7 show the concentration distance
profiles that have been calculated for matrix tablets based on RetaLac (a
50:50 co-processed blend of HPMC and lactose) containing 30% di-
prophylline upon exposure to phosphate buffer pH 7.4 for 2 and 8 h,
respectively. The solubility of diprophylline in this release medium at
37 °C is 183 mg/mL (Siepmann et al., 2017). The “red eye” in the
scheme on the left hand side at the top of Fig. 7 illustrates the view
point for the 3-dimensional concentration distance profiles. The tablet
is “cut in half” and the diprophylline concentration is plotted as a
function of the radial and axial position. The “green eye” on the left
hand side illustrates the view point for the 2-dimensional projection
plots at the top of each diagram. Please note that the illustrated drug
concentrations are total concentrations, being the sum of dissolved and
non-dissolved drug at each position and time point. Clearly, rather
steep concentration gradients can be seen from the center of the tablets
towards the surfaces. The drug concentrations at the latter are zero,
since perfect sink conditions are considered (no hindrance due to al-
ready released drug molecules). The applied mathematical model takes
into account water diffusion, drug dissolution as well as drug diffusion,
and distinguishes between dissolved and non-dissolved drug at every
position in the tablets at every time point. As it can be seen, limited

diprophylline solubility effects are playing a role even in these highly
hydrated matrix tablets, despite the considerable water solubility of the
drug: After 2 h and even after 8 h exposure to the release medium, non-
dissolved drug excess is present at the center of the tablets. This is in-
teresting, because the experimentally measured water uptake kinetics
(illustrated on the left hand side at the bottom of Fig. 7) clearly indicate
that the amounts of water taken up by the tablets are considerable. The
microscopic pictures of gel samples from the center of tablets, which
had been exposed for 6 h to 0.1 M HCl confirm the presence of non-
dissolved drug within the system, even at later time points (Fig. 7,
bottom row): The tablets initially consisted of 30% diprophylline and
70% HPMC/lactose (picture in the middle) or 100% HPMC/lactose
(picture at the right hand side). As it can be seen, in the case of drug
loaded tablets, many more non-dissolved particles are visible.

5.4. Poly(lactic-co-glycolic acid) (PLGA)-based microparticles and
implants

Fig. 8 illustrates the impact of the limited solubility of dex-
amethasone within PLGA-based microparticles during the final
(=third) drug release phase upon exposure to phosphate buffer pH 7.4.
The initial drug loading was varied from 2.4 to 61.9%, as indicated.
Importantly, sink conditions were provided in the surrounding bulk
fluid throughout the observation period, except for the highest initial
drug loadings at very late time points (for which 40–50% drug sa-
turation was observed). Clearly, the (almost constant) drug release rate
during this phase decreased with increasing drug loading. This type of
system also corresponds to the second cartoon from the top in Fig. 4:
The limited amounts of water present within the microparticles are not
sufficient to dissolve the total remaining drug amounts. Consequently,
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dissolved and non-dissolved dexamethasone co-exist and an increase in
the drug content does not lead to increasing concentration gradients of
dissolved drug (the system is already saturated), but to increasing 100%
reference values for the calculation of the relative drug release rates. It is
worth to note that the final rapid drug release phase from PLGA-based

microparticles is likely initiated by substantial system swelling, but the
solubility of dexamethasone in phosphate buffer pH 7.4 at 37 °C is only
77 ± 4 μg/mL (Bode et al., 2018).

A very interesting study on PLGA-based implants containing nife-
dipine and nicardipine has recently shown that drug precipitation can
occur during drug release within the systems and that saturation effects
within the implants play a major role for the control of drug release
(Zlomke et al., 2019). Importantly, sink conditions were provided
throughout the experiments in the surrounding bulk fluid. Fig. 9 shows
microscopic pictures of the investigated implants before and after ex-
posure to phosphate buffer pH 7.4 for different time periods. As it can
be seen in the top row, initially the implants were transparent. Thus,
the drugs were dissolved in the polymer. However, upon exposure to
the release medium the implants became turbid. This can be explained
as follows: Upon penetration of water into the implants, the ester bonds
of the PLGA macromolecules are hydrolyzed, generating shorter and
more hydrophilic chains (new –OH and –COOH end groups are gener-
ated). Hence, the microenvironment for the drugs changes. As a con-
sequence, the solubility of hydrophobic drugs in the degrading PLGA
decreases and nifedipine precipitates. This was evidenced by polariza-
tion microscopy: rod-shaped, long crystals became visible with time, as
shown in the picture at the bottom of Fig. 9. Thus, the limited solubility
of nifedipine in the hydrated implants contributes to the control of drug
release.

6. Conclusions

Saturation effects within and outside a pharmaceutical dosage form
can play a major role for the resulting drug release kinetics. They
should not be confused. In particular, providing (perfect) sink
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Fig. 7. Top row: Diprophylline concentration distance profiles (total drug concentrations: dissolved + non-dissolved drug) within HPMC/lactose-based tablets after
different exposure periods (as indicated) to phosphate buffer pH 7.4. At the top of each diagram, a 2-dimensional projection of the respective concentration profile is
shown. The viewpoints are schematically illustrated in the cartoon on the left hand side. The initial drug content was 30%. Bottom row: Water uptake kinetics of
HPMC/lactose-based tablets containing 10–50% diprophylline upon exposure to phosphate buffer pH 7.4 and microscopic pictures of gel samples from the center of
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adapted from Siepmann et al., 2017
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conditions within the surrounding bulk fluid does not guarantee the
absence of saturation effects within the dosage form. Interestingly, even
in the case of highly swollen systems and freely water soluble drugs,
such saturation effects can occur under sink conditions and should not
be forgotten.

CRediT authorship contribution statement

J. Siepmann: Conceptualization, Investigation, Writing - original
draft, Writing - review & editing, Visualization. F. Siepmann:
Conceptualization, Investigation, Writing - original draft, Writing - re-
view & editing, Visualization.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
[The Editor-in-Chief of the journal is one of the co-authors of this ar-
ticle. The manuscript has been subject to all of the journal's usual
procedures, including peer review, which has been handled in-
dependently of the Editor-in-Chief.].

References

Baker, R. (Ed.), 1987. Controlled Release of Biologically Active Agents. John Wiley &

Fig. 9. Top: Microscopic images of PLGA implants loaded with nifedipine and nicardipine before and after exposure to phosphate buffer pH 7.4. The white scale bars
indicate 2 mm. Bottom: Microscopic image of an implant after 14 d exposure to the release medium. Importantly, rod-shaped, large nifedipine crystals are visible
using polarization microscopy. The white scale bar indicates 100 μm (reprinted from Zlomke et al., 2019, with permission).

J. Siepmann and F. Siepmann International Journal of Pharmaceutics 577 (2020) 119009

10

http://refhub.elsevier.com/S0378-5173(19)31070-1/h0005


Sons, New York.
Bode, C., Kranz, H., Siepmann, F., Siepmann, J., 2018. In-situ forming PLGA implants for

intraocular dexamethasone delivery. Int. J. Pharmaceut. 548, 337–348.
Bodmeier, R., Chen, H.G., 1989. Evaluation of biodegradable poly(lactide) pellets pre-

pared by direct compression. J. Pharm. Sci. 78, 819–822.
Borgquist, P., Koerner, A., Piculell, L., Larsson, A., Axelsson, A., 2006. A model for the

drug release from a polymer matrix tablet – effects of swelling and dissolution. J.
Controlled Release 113, 216–225.

Borgquist, P., Nevsten, P., Nilsson, B., Wallenberg, L.R., Axelsson, A., 2004. Simulation of
the release from a multiparticulate system validated by single pellet and dose release
experiments. J. Controlled Release 97, 453–465.

Borgquist, P., Zackrisson, G., Nilsson, B., Axelsson, A., 2002. Simulation and parametric
study of a film-coated controlled-release pharmaceutical. J. Controlled Release 80,
229–245.

Brandl, F., Kastner, F., Gschwind, R.M., Blunk, T., Teßmar, J., Goepferich, A., 2010.
Hydrogel-based drug delivery systems: comparison of drug diffusivity and release
kinetics. J. Controlled Release 142, 221–228.

Brunner, E., 1904. Reaktionsgeschwindigkeit in heterogenen Systemen. Z. Phys. Chem.
47, 56–102.

Chirico, S., Dalmoro, A., Lamberti, G., Russo, G., Titomanlio, G., 2007. Analysis and
modeling of swelling and erosion behavior for pure HPMC tablet. J. Controlled
Release 122, 181–188.

Crank, J. (Ed.), 1975. The Mathematics of Diffusion. Clarendon Press, Oxford.
Cussler, E.L. (Ed.), 1984. Diffusion: Mass Transfer in Fluid Systems. Cambridge University

Press, New York.
Do, D.Q., Rowe, R.C., York, P., 2008. Modelling drug dissolution from controlled release

products using genetic programming. Int. J. Pharmaceut. 351, 194–200.
Doty, A.C., Zhang, Y., Weinstein, D.G., Wang, Y., Choi, S., Qu, W., Mittal, S.,

Schwendeman, S.P., 2017a. Mechanistic analysis of triamcinolone acetonide release
from PLGA microspheres as a function of varying in vitro release conditions. Eur. J.
Pharm. Biopharm. 113, 24–33.

Doty, A.C., Weinstein, D.G., Hirota, K., Olsen, K.F., Ackermann, R., Wang, Y., Choi, S.,
Schwendeman, S.P., 2017b. Mechanisms of in vivo release of triamcinolone acetonide
from PLGA microspheres. J. Controlled Release 256, 19–25.

Fahier, J., Muschert, S., Fayard, B., Velghe, C., Byrne, G., Doucet, J., Siepmann, F.,
Siepmann, J., 2016. Importance of air bubbles in the core of coated pellets: syn-
chrotron X-ray microtomography allows for new insights. J. Controlled Release 237,
125–137.

Fan, L.T., Singh, S.K. (Eds.), 1989. Controlled Release: A Quantitative Treatment.
Springer-Verlag, Berlin.

Fick, A., 1855. Ueber Diffusion. Poggendorf’s. Ann. Phys. 94, 59–86.
Florence, A.T., Attwood, D. (Eds.), 2006. Physicochemical Principles of Pharmacy, 4th ed.

Pharmaceutical Press, London.
Fredenberg, S., Wahlgren, M., Reslow, M., Axelsson, A., 2011. The mechanisms of drug

release in poly(lactic-co-glycolic acid)-based drug delivery systems. Int. J.
Pharmaceut. 415, 34–52.

Frenning, G., Stromme, M., 2003. Drug release modeled by dissolution, diffusion, and
immobilization. Int. J. Pharmaceut. 250, 137–145.

Frenning, G., 2003. Theoretical investigation of drug release from planar matrix systems:
effects of a finite dissolution rate. J. Controlled Release 92, 331–339.

Frenning, G., 2004. Theoretical analysis of the release of slowly dissolving drugs from
spherical matrix systems. J. Controlled Release 95, 109–117.

Frenning, G., 2011. Modelling drug release from inert matrix systems: From moving-
boundary to continuous-field descriptions. Int. J. Pharmaceut. 418, 88–99.

Frenning, G., Tunon, A., Alderborn, G., 2003. Modelling of drug release from coated
granular pellets. J. Controlled Release 92, 113–123.

Gasmi, H., Siepmann, F., Hamoudi, M.C., Danede, F., Verin, J., Willart, J.F., Siepmann, J.,
2016. Towards a better understanding of the different release phases from PLGA
microparticles: dexamethasone-loaded systems. Int. J. Pharmaceut. 514, 189–199.

Goepferich, A., 1996. Polymer degradation and erosion: Mechanisms and applications.
Eur. J. Pharm. Biopharm. 42, 1–11.

Goepferich, A., 1997. Bioerodible implants with programmable drug release. J.
Controlled Release 44, 271–281.

Grassi, M., Voinovich, D., Franceschinis, E., Perissutti, B., Filipovic-Grcic, J., 2003.
Theoretical and experimental study on theophylline release from stearic acid cy-
lindrical delivery systems. J. Controlled Release 92, 275–289.

Grassi, M., Zema, L., Sangalli, M.E., Maroni, A., Giordano, F., Gazzaniga, A., 2004.
Modeling of drug release from partially coated matrices made of a high viscosity
HPMC. Int. J. Pharm. 276, 107–114.

Higuchi, T., 1961. Rate of release of medicaments from ointment bases containing drugs
in suspensions. J. Pharm. Sci. 50, 874–875.

Higuchi, T., 1963. Mechanisms of sustained action mediation. Theoretical analysis of rate
of release of solid drugs dispersed in solid matrices. J. Pharm. Sci. 52, 1145–1149.

IUPAC. Compendium of Chemical Terminology, 2nd ed. (the “Gold Book”). Compiled by
A. D. McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford (1997).
Online version (2019-) created by S. J. Chalk. ISBN 0-9678550-9-8. https://doi.org/
10.1351/goldbook. (consulted on 8th November 2019).

Kang, J., Schwendeman, S.P., 2007. Pore closing and opening in biodegradable polymers
and their effect on the controlled release of proteins. Mol. Pharm. 4, 104–118.

Kaunisto, E., Marucci, M., Borgquist, P., Axelsson, A., 2011. Mechanistic modelling of
drug release from polymer-coated and swelling and dissolving polymer matrix sys-
tems. Int. J. Pharmaceut. 418, 54–77.

Klose, D., Siepmann, F., Elkharraz, K., Krenzlin, S., Siepmann, J., 2006. How porosity and
size affect the drug release mechanisms from PLGA-based microparticles. Int. J.
Pharmaceut. 314, 198–206.

Krenzlin, S., Vincent, C., Munzke, L., Gnansia, D., Siepmann, J., Siepmann, F., 2012.
Predictability of drug release from cochlear implants. J. Controlled Release 159,
60–68.

Laaksonen, H., Hirvonen, J., Laaksonen, T., 2009. Cellular automata model for swelling-
controlled drug release. Int. J. Pharmaceut. 380, 25–32.

Lao, L.L., Peppas, N.A., Boey, F.Y.C., Venkatraman, S.S., 2011. Modeling of drug release
from bulk-degrading polymers. Int. J. Pharmaceut. 418, 28–41.

Lazzari, A., Kleinebudde, P., Knop, K., 2018. Xanthan gum as a rate-controlling polymer
for the development of alcohol resistant matrix tablets and mini-tablets. Int. J.
Pharmaceut. 536, 440–449.

Le, M.Q., Violet, F., Paniagua, C., Garric, X., Venier-Julienne, M.C., 2018. Penta-block
copolymer microspheres: impact of polymer characteristics and process parameters
on protein release. Int. J. Pharmaceut. 535, 428–437.

Lee, P.I., 2011. Modeling of drug release from matrix systems involving moving bound-
aries: approximate analytical solutions. Int. J. Pharmaceut. 418, 18–27.

Marucci, M., Ragnarsson, G., Nilsson, B., Axelsson, A., 2010. Osmotic pumping release
from ethyl–hydroxypropyl–cellulose-coated pellets: a new mechanistic model. J.
Controlled Release 142, 53–60.

Marucci, M., Ragnarsson, G., Nyman, U., Axelsson, A., 2008. Mechanistic model for drug
release during the lag phase from pellets coated with a semi-permeable membrane. J.
Controlled Release 127, 31–40.

Marucci, M., Ragnarsson, G., von Corswant, C., Welinder, A., Jarke, A., Iselau, F.,
Axelsson, A., 2011. Polymer leaching from film coating: effects on the coating
transport properties. Int. J. Pharmaceut. 411, 43–48.

Narasimhan, B., 2001. Mathematical models describing polymer dissolution: con-
sequences for drug delivery. Adv. Drug Deliver. Rev. 48, 195–210.

Nernst, W., 1904. Theorie der Reaktionsgeschwindigkeit in heterogenen Systemen. Z.
Phys. Chem. 47, 52–55.

Noyes, A.A., Whitney, W.R., 1897a. The rate of solution of solid substances in their own
solutions. J. Am. Chem. Soc. 19, 930–934.

Noyes, A.A., Whitney, W.R., 1897b. Ueber die Aufloesungsgeschwindigkeit von festen
Stoffen in ihren eigenen Loesungen. Z. Physikal. Chem. 23, 689–692.

Otte, A., Soh, B.K., Yoon, G., Park, K., 2018. Liquid crystalline drug delivery vehicles for
oral and IV/subcutaneous administration of poorly soluble (and soluble) drugs. Int. J.
Pharmaceut. 539, 175–183.

Park, G.S., 1986. Transport principles – solution, diffusion and permeation in polymer
membranes, in: Bungay, P.M., Lonsdale, H.K., de Pinho, M.N. (Eds.), Synthetic
Membranes: Science, Engineering and Applications, D. Reidel Publishing Company,
Dordrecht, pp. 57–108.

Paul, D.R., 2011. Elaborations on the Higuchi model for drug delivery. Int. J. Pharmaceut.
418, 13–17.

Reeff, J., Gaignaux, A., Goole, J., De Vriese, C., Amighi, K., 2013. New sustained-release
intraarticular gel formulations based on monolein for local treatment of arthritic
diseases. Drug Dev. Ind. Pharm. 39, 1731–1741.

Ronchi, Sereno, A., Paide, M., Hennia, I., Sacre, P., Guillaume, G., Stephenne, V., Goole,
J., Amighi, K., 2019. Development and evaluation of budesonide-based modified-
release liquid oral dosage forms. J. Drug Del. Sci. Technol. 54, 101273.

Sackett, C.K., Narasimhan, B., 2011. Mathematical modeling of polymer erosion:
Consequences for drug delivery. Int. J. Pharmaceut. 418, 104–114.

Siegel, R.A., 2000. Theoretical analysis of inward hemispheric release above and below
drug solubility. J. Controlled Release 69, 109–126.

Siepmann, F., Karrout, Y., Gehrke, M., Penz, F., Siepmann, J., 2017. Limited drug solu-
bility can be decisive even for freely soluble drugs in highly swollen matrix tablets.
Int. J. Pharmaceut. 526, 280–290.

Siepmann, F., Le Brun, V., Siepmann, J., 2006. Drugs acting as plasticizers in polymeric
systems: a quantitative treatment. J. Controlled Release 115, 298–306.

Siepmann, J., Goepferich, A., 2001. Mathematical modeling of bioerodible, polymeric
drug delivery systems. Adv. Drug Del. Rev. 48, 229–247.

Siepmann, J., Peppas, N.A., 2001. Modeling of drug release from delivery systems based
on hydroxypropyl methylcellulose (HPMC). Adv. Drug Del. Rev. 48, 139–157.

Siepmann, J., Peppas, N.A., 2011. Higuchi equation: derivation, applications, use and
misuse. Int. J. Pharmaceut. 418, 6–12.

Siepmann, J., Peppas, N.A., 2000. Hydrophilic matrices for controlled drug delivery: an
improved mathematical model to predict the resulting drug release kinetics (the
“sequential layer” model). Pharm. Res. 17, 1290–1298.

Siepmann, J., Siepmann, F., 2008. Mathematical modeling of drug delivery. Int. J.
Pharmaceut. 364, 328–343.

Siepmann, J., Siepmann, F., 2012. Modeling of diffusion controlled drug delivery. J.
Controlled Release 161, 351–362.

Siepmann, J., Siepmann, F., 2013. Mathematical modeling of drug dissolution. Int. J.
Pharmaceut. 453, 12–24.

Vergnaud, J.M. (Ed.), 1993. Controlled Drug Release of Oral Dosage Forms. Ellis
Horwood Limited, Chichester.

Versypt, A.N.F., Pack, D.W., Braatz, R.D., 2013. Mathematical modeling of drug delivery
from autocatalytically degradable PLGA microspheres—a review. J. Controlled
Release 165, 29–37.

Wang, J., Windbergs, M., 2019. Controlled dual drug release by coaxial electrospun fibers
– impact of the core fluid on drug encapsulation and release. Int. J. Pharmaceut. 556,
363–371.

Zlomke, C., Barth, M., Maeder, K., 2019. Polymer degradation induced drug precipitation
in PLGA implants – why less is sometimes more. Eur. J. Pharm. Biopharm. 139,
142–152.

Zhou, Y., Chu, J.S., Zhou, T., Wu, X.Y., 2005. Modeling of dispersed-drug release from
two-dimensional matrix tablets. Biomaterials 26, 945–952.

J. Siepmann and F. Siepmann International Journal of Pharmaceutics 577 (2020) 119009

11

http://refhub.elsevier.com/S0378-5173(19)31070-1/h0005
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0010
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0010
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0015
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0015
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0020
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0020
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0020
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0025
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0025
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0025
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0030
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0030
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0030
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0035
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0035
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0035
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0040
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0040
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0045
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0045
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0045
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0050
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0055
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0055
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0060
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0060
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0065
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0065
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0065
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0065
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0070
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0070
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0070
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0075
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0075
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0075
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0075
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0080
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0080
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0085
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0090
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0090
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0095
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0095
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0095
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0100
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0100
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0105
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0105
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0110
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0110
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0115
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0115
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0120
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0120
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0125
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0125
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0125
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0130
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0130
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0135
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0135
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0140
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0140
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0140
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0145
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0145
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0145
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0150
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0150
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0155
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0155
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0165
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0165
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0170
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0170
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0170
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0175
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0175
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0175
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0180
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0180
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0180
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0185
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0185
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0190
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0190
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0195
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0195
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0195
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0200
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0200
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0200
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0205
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0205
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0210
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0210
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0210
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0215
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0215
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0215
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0220
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0220
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0220
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0225
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0225
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0230
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0230
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0235
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0235
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0240
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0240
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0245
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0245
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0245
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0255
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0255
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0260
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0260
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0260
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0270
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0270
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0275
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0275
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0280
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0280
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0280
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0285
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0285
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0290
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0290
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0295
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0295
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0300
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0300
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0305
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0305
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0305
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0310
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0310
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0315
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0315
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0320
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0320
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0325
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0325
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0330
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0330
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0330
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0335
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0335
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0335
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0340
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0340
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0340
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0345
http://refhub.elsevier.com/S0378-5173(19)31070-1/h0345

	Sink conditions do not guarantee the absence of saturation effects
	Introduction
	Definitions
	Drug dissolution
	Drug release
	Drug dissolution rate and drug release rate
	Drug solubility

	Quantification of drug dissolution
	Saturation effects inside and outside pharmaceutical dosage forms
	Examples for saturation effects within the dosage form despite sink conditions
	The classical Higuchi equation
	Hydrophilic matrix tablets loaded with sparingly soluble drugs
	Hydrophilic matrix tablets loaded with freely soluble drugs
	Poly(lactic-co-glycolic acid) (PLGA)-based microparticles and implants

	Conclusions
	CRediT authorship contribution statement
	mk:H1_16
	References




