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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 physicochemical 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 importance, 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 conventional 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 polymeric ﬁlm coatings (Fahier et al., 2016).
Importantly, the role of drug dissolution can be 2-fold: (i) The dissolution 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, saturation 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 accumulate 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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(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.

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 ﬂowthrough 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 concentration might nevertheless approach drug solubility, and drug saturation eﬀects might very well play a crucial role for the control of the
resulting release kinetics. This should not be forgotten or underestimated.
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.

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 dissolution 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 cartoon, 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 authorities 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 comprehensive and complex than the process of “drug dissolution”. For example, several types of physical phenomena are involved in the control
of drug release from a hydrophilic matrix tablet based on hydroxypropyl 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 release” should be used distinctively and with care.

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 solution).” 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. Initially, 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 different physical phenomena. In the case of a drug particle, which dissolves 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.

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 =

dcliquid
dt

(1)

Importantly, the liquid can be inside and/or outside the pharmaceutical 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:
2
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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

drug release rate =
where dcbulk

ﬂuid

dcbulkfluid
dt

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

(2)

is the change in drug concentration outside the
3
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“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.)

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 dominant and the concentration of dissolved drug molecules/ions/atoms in
the bulk ﬂuid increases with time. However, with time “drug re-precipitation” 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 molecules/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. polymorphic form) and the drug particle size (Florence and Attwood, 2006).

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 deﬁnition 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 temperature 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
4
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Saturation effects inside vs. outside a dosage form

Drug solubility: Dynamic equilibrium

no saturation

no saturation

no saturation
saturation

Fig. 3. Schematic presentation of the deﬁnition of the term “drug solubility”
(adapted from Siepmann and Siepmann, 2013). The green stars represent dissolved (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.)

no saturation

saturation

3. Quantiﬁcation of drug dissolution
In 1897, Noyes and Whitney proposed the following groundbreaking equation, allowing to quantify the dissolution rate of a solid
substance (dc/dt) in its own solution (Noyes and Whitney, 1897a,b):

dc
= K (cs − ct )
dt

e.g. due
to local pH

(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: wetting, 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).

saturation
saturation

Fig. 4. Schematic presentation of potentially occurring drug saturation eﬀects
inside and outside a dosage form during drug release. Four cases can be distinguished, as illustrated. 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.)

4. Saturation eﬀects inside and outside pharmaceutical dosage
forms
Looking at the Noyes-Whitney equation (Eq. (3)), it becomes obvious 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
5
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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 nondissolved 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 saturated 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 diffusing 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 nondissolved 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 considered 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 concentrations in the release medium/skin (“sink conditions”), the bottom
point of the trapezoid (Fig. 5b) would not be at “zero”, and the equations Takeru Higuchi applied would not be valid.

this occurs. In an extreme case, the concentration of dissolved drug
ﬁnally equals the saturation concentration. Consequently, the dissolution rate approaches zero. In other words, the dissolution of the remaining 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 patient’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 situation 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 situations 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

5.2. Hydrophilic matrix tablets loaded with sparingly soluble drugs
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 solubility in the ointment (and if sink conditions are provided in the release
medium/skin) (Higuchi 1961,1963):

Mt
=
A

2cini Dcs t

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 theophylline release rate increased with increasing initial drug content, irrespective 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

(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 illustrate the basic concept proposed by Takeru Higuchi to derive his
famous equation. In brief, ﬁne drug particles are initially homogeneously dispersed within a thin ﬁlm. The latter does not dissolve or
swell to a noteworthy extent. Importantly, the initial drug concentration (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
6
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Classical Higuchi equation

Fig. 5. Schematic presentation of the conditions
and drug concentration-distance proﬁles in thin
ﬁlms considered by Takeru Higuchi for the derivation of his classical equation: (a) before exposure 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 (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.)
adapted from Siepmann and Siepmann, 2013

a) time t=0

cini

perfect sink
release medium

cs

direction of drug release

b) time t

Mt
=
A

2 c ini D c s t
h

cini
perfect sink
release medium
cs
pseudo-steady-state

direction of drug release
theophylline inside the tablets, the hydrated polymeric structure is saturated 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”

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 solubility 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, dissolved 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
7
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Fig. 6. Eﬀects of the initial drug loading on the resulting release kinetics of theophylline from HPMC matrix tablets in 0.1 N HCl and phosphate buﬀer pH 7.4:
Absolute and relative drug release rates (adapted from Siepmann and Peppas, 2000). The green ﬂashes indicate the tendencies observed when increasing the initial
drug loading. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

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, nondissolved drug excess is present at the center of the tablets. This is interesting, 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 nondissolved 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.

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 example, 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% diprophylline 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 already 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

5.4. Poly(lactic-co-glycolic acid) (PLGA)-based microparticles and
implants
Fig. 8 illustrates the impact of the limited solubility of dexamethasone 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 saturation 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,
8
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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
tablets, which had been exposed for 6 h to 0.1 M HCl: tablets initially consisting of 30% diprophylline and 70% HPMC/lactose (picture in the middle), and from
tablets initially consisting of 100% HPMC/lactose (picture on the right hand side).
adapted from Siepmann et al., 2017

Third phase
(final rapid release)

100

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 nifedipine 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 exposure 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 generated). Hence, the microenvironment for the drugs changes. As a consequence, the solubility of hydrophobic drugs in the degrading PLGA
decreases and nifedipine precipitates. This was evidenced by polarization 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.
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Fig. 8. Impact of the limited solubility of dexamethasone within PLGA-based
microparticles on the third (=ﬁnal) drug release phase upon exposure to
phosphate buﬀer pH 7.4. Sink conditions were provided in the surrounding bulk
ﬂuid throughout the observation period, except for the highest drug loadings at
very late time points (for which 40–50% drug saturation was observed).
adapted from Gasmi et al., 2016

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

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
9
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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).

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.
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