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Introduction

Dissolution tests in the pharmaceutical industry are 
not only used for the prediction of the expected bio-
availability but also for quality control purposes. In 
product development, dissolution tests are used to 
select the labeled preparation, while in research to 
determine the influence of the critical manufactur-
ing parameters (for example binder effect, mixing 
effect, granulation process, excipients) [1]. Predict-
ing the in vivo bioavailability of the drug is ex-
tremely important to provide the best modeling of 
the digestive system. Dissolution methods should 
simulate the biological system in which the tablet 
passes through media of varying pH, ionic strength 
and bile acid content until it reaches the site of dis-
solution and absorption. Laboratory imaging of 
these conditions is particularly important in case of 
formulations where the dissolution of the active 
pharmaceutical ingredient (API) in the stomach is 
not advantageous and therefore provided with a 
gastroprotective coating. The digestive tract con-
sists of three important parts: stomach, small intes-
tine and large intestine [2]. Its diverse conditions 
have a major influence on the in vivo dissolution 
profile of the API [3]. The digestive system excretes 
various substances (e.g. water, enzymes, surfac-
tants, hydrochloric acid) that amongst others deter-

mine the pH, buffer capacity and molarity [4]. All of 
these factors influence the dissolution and absorp-
tion of the API [5]. The stomach and the small intes-
tine play vital role in the dissolution process, while 
primarily the latter is crucial for the absorption in 
most cases. Absorption can also happen in the large 
intestine, but its role therein is generally less impor-
tant than the small intestines.

The Biopharmaceutical Classification System 
(BCS)

In terms of bioavailability, active pharmaceutical 
ingredients can be described with two main phys-
icochemical properties: solubility and permeabili-
ty. Experiments demonstrate that these are key 
factors in the correlation of in vitro drug dissolu-
tion and in vivo bioavailability [6,7]. According to 
BCS, the drugs can be categorized into four basic 
groups based on their solubility and permeability 
(Figure 1) [6].

An active ingredient is considered to be highly 
soluble when its highest dose is soluble in max. 
250 mL aqueous medium at pH 1.0-7.5, otherwise 
the active ingredient is poorly soluble [8]. The 250 
mL volume estimate is derived from the typical 
bioequivalence testing protocols that require the 
patients to take the drug with a glass of water [9]. 
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The European Medicines Agency has defined the 
pH to be in the range of 1.2 and 6.8 for solubility 
testing. The pH of the medium must be measured 
before and after the addition of the active ingredi-
ent [10]. In the case of poorly water-soluble active 
ingredients, the solubility may be enhanced by the 
use of solubilizers. Furthermore, according to re-
cent studies, the addition of formulation auxilia-
ries may also alter the permeability of the active 
ingredient [11].

During the early stages of developing drug can-
didates, it is possible to change the physicochemi-
cal properties of a molecule by modifying its 
chemical structure. The addition of polar substitu-
ents [12] or the formation of salts [13] can improve 
poor water solubility, while lipophilicity can be 
changed by e.g. the addition of fluoric substitu-
ents. In many cases, it is not possible to alter the 
chemical structure of a drug candidate because it 
may also alter its therapeutic effect, metabolism, 
toxicity or synthesis. Therefor, specific formula-
tion methods might provide a better solution to 
overcome poor water solubility.

The classification of permeability is based di-
rectly on the Human Intestinal Absorption of the 
API and is considered to be good above 85% [7]. A 
drug substance is considered highly permeable if 
the extent of intestinal absorption is 90% or high-
er. Otherwise, the drug substance is considered 
poorly permeable [7,14,15]. Based on the BCS, a 
drug is classified as rapidly dissolving when at 
least 85% of the labeled amount of the active in-
gredient is dissolved in 30 min in USP (United 
States Pharmacopeia) Apparatus I at 100 rpm or in 
USP Apparatus II at 50 rpm in maximum 900 mL 
of each of the following media: a.) acidic media, 
such as 0.1 N HCl or USP simulated gastric fluid 
(SGF) without enzymes, b.) a pH 4.5 buffer, and 

c.) a pH 6.8 buffer or USP simulat-
ed intestinal fluid (SIF) without en-
zymes. Otherwise, the drug prod-
uct is considered to be a slowly dis-
solvable product [14] [16].

According to literature, an in-
creasing proportion of the new 
drug molecules, estimated to be 
about 70%, are poorly water-solu-
ble BCS Class II drugs, which sets a 
major challenge for both pharma-
ceutical researchers and develop-
ers. At least 30% of the drugs cur-
rently on the market also fall into 
this category [17].

The evolution of dissolution tests

Dissolution tests are one of the most essential 
techniques in the pharmaceutical industry. Not 
only used for development and quality control 
purposes, but the in vitro drug release measure-
ments have always aimed to forecast the in vivo 
performance of pharmaceutical products [1]. From 
the simple disintegration assays the technique has 
greatly evolved, as its also enables the conduction 
of dissolution studies of immediate release (IR) 
products for quality control purposes [18].

The first dissolution studies were reported by 
Noyes and Whitney in 1897, who studied the dis-
solution of benzoic acid and lead chloride, two 
compounds well known for their poor solubility. 
The materials were placed into glass cylinders that 
were submerged into water tanks. The cylinders 
were rotated with constant speed at constant tem-
perature. The authors noticed proportional corre-
lation between the rate of dissolution and the dif-
ference between the instantaneous concentration 
C at time t. The saturation solubility Cs and k are 
constant (Eq. 1) [18,19]:

	 (1)

The Nernst- Brunner equation, published in 
1904, is based on the diffusion layer concept and 
Fick’s second law (Eq. 2).

	 (2)

where k = D/(Vh), D is the diffusion coefficient, 
h is the thickness of the diffusion layer and V is 
the volume of the dissolution medium.

Later more alternative explanations were avail-

Figure 1 The Biopharmaceutical Classification System.
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able. Danckwerts’ classic surface renewal model 
was presented in 1951. It gives a quantitative de-
scription of gas absorption at the surface of a tur-
bulent liquid. According to this model, the gas–
liquid interface, where the absorption occurs, is 
continuously rejuvenated by fresh liquid elements 
arriving from the liquid bulk [20]. In 1961, Higuchi 
reviewed the interfacial barrier model and due to  
the high activation energy level of the interfacial 
transport, he considered it as the limiting step, 
rather than diffusion through the film [21].

In 1934, there was a disintegration test for tab-
lets that used water as medium at 37 °C and peri-
odical shaking. It was the first test that was pub-
lished in Pharmacopeia Helvetica [22]. Several 
other disintegration methods were developed (us-
ing tubes [23], meshes [24], etc.) that tried to use 
rather biorelevant conditions, like simulated gas-
tric fluid as disintegration media [25]. In 1948, Fil-
leborn introduced an artificial stomach model that 
simulated the in vivo conditions, including the 
pH, peristalsis, fed state, volume of the gastric 
juice, and the hydrostatic pressure [26]. Notwith-
standing the advances in in vitro dissolution, the 
tests were not used widely until the early 1950s.

Although a lot of experiments on physicochemi-
cal dissolution were carried out, the first official 
dissolution tests were accepted by the British 
Pharmacopoeia in 1945, and later, in 1950 by the 
USP [27]. It was only in the early 1950s that scien-
tists began to recognize that  the importance of 
dissolution – absorption rates for oral drugs [22]. 
Assuming that the drug is rapidly absorbed from 
the gastrointestinal tract, dissolution may be the 
rate-limiting step that controls its appearance in 
the bloodstream. This finding was first published 
by Edwards in 1951 [28]. He assumed that if aspi-
rin tablets were dissolved in the stomach, the in-
testine would be the factor influencing the absorp-
tion into the bloodstream [22].

However, in 1957 Nelson was the first to explic-
itly link the in vitro dissolution rate with the blood 
levels of orally administered theophylline salts 
[29]. Only in the mid 1960s was the impact of dis-
solution on the therapeutic effect of orally admin-
istered drugs recognized. Two reports were pub-
lished in 1963 [30] and 1964 [31] that drew atten-
tion to the lack of clinical efficacy of the two 
brands of tolbutamide marketed in Canada. The 
tablets showed much slower disintegration and re-
lease compared to other brands [32]. Such obser-
vations have also been confirmed with other tab-
lets, like chloramphenicol and diphenylhydantoin 

[5]. In 1968 Martin et al. reported significant differ-
ences in the bioavailability of diphenylhydantoin, 
chloramphenicol, and sulfisoxazole-beading prod-
ucts of different brands [33].

The most serious bioavailability problems were 
reported in the United Kingdom and the United 
States (1971), and in Australia and New Zealand 
with phenytoin (1968). In the first case, a sevenfold 
difference was found in digoxin serum levels be-
tween the different formulations. This observation 
prompted the Food and Drug Administration 
(FDA or USFDA) to investigate the dissolution of 
44 digoxin products of 32 manufacturers. Large 
differences were detected in the dissolution pro-
files in the in vitro assays [19,34]. In the latter case, 
the phenytoin containing IR product, increased 
toxicity was observed when lactose was used as 
excipient instead of calcium sulfate [35]. The lower 
phenytoin absorption in the original case was at-
tributed to precipitation of insoluble calcium phe-
nytoin salt [36]. However, in 1979 Chapron et al. 
found no calcium-induced effect on the bioavail-
ability of phenytoin when tested with calcium glu-
conate. These results indicate that the presence of 
lactose lead to the undesired increase in plasma 
concentrations that reached beyond the narrow 
therapeutic range (10-20  µg/mL). He considered 
that the highly hydrophile lactose increased the 
dissolution rate of phenytoin and thereby the  bio-
availability and consequently higher plasma con-
centrations [37].

This period pointed out the critical relationship 
between solubility and bioavailability. As a result, 
dissolution tests became one of the elemental tools 
for quality control purposes. As a consequence of 
these developments, the basket-stirred-flask test 
(USP Apparatus I, designed by M. Pernarowski) 
was accepted in 1970 as an official dissolution tes-
ter apparatus by the United States Pharmacopoeia 
(USP) and the National Formulary (NF) 
[1,18,27,22,38]. Since then the dissolution test was 
improved, standardized and calibration tests were 
also launched.

Pharmacopoeial Methods

Tablet disintegration devices have evolved into 
dissolution test devices, that usually contain 6-8 
vessels. In addition to the samples blank or stan-
dard samples may also be used.

The rotating basket method first appeared in 
1971. At the beginning of each test, the sample is 
placed in the basket made of stainless steel or 
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equivalent. This method is generally used to mea-
sure capsules since this dosage form would float  
after being thrown into the dissolution medium. 
Nowadays, the official pharmacopoeial (Ph.Eur; 
USP; JP) baskets with standard size and design 
are made of stainless steel. Unfortunately, the 
long-term use of these baskets in acidic or other 
corrosive media can damage them, thus causing 
the dissolution tests to fail. Pure gold coating up 
to 2.5 µm thickness is allowed by the USP for use 
in acid media, or in case the active drug reacts 
with the plain steel basket. PTFE (polytetrafluor-
ethylene), FEP (fluorinated ethylene propylene), 
PFA (perfluoralkoxy alkane) coatings are ideal for 
the protection of components when highly corro-
sive or solvent conditions exist.

The paddle method (USP Apparatus II) was in-
troduced in 1978 [27, 22]. These devices are either 
made of stainless steel or another inert material, 
but inert surface coating is also approved. This 
test method is mainly applied on tablets that sink 
to the bottom of the vessel before mixing. When 
the Apparatus II is used for testing certain dosage 
forms, such as hard-gelatin capsules [39], sticky 
tablets or slowly disintegrating tablets, a sinker is 
needed to prevent the sample from floating [27]. 
Placing the samples in sinkers (for example 8 
mesh basket sinker Japanese pharmacopeia size, 
spiral capsule sinker, O-ring style sinker, U-type 
sinker, etc.) may resolve these concerns allowing 
the use of the paddle apparatus [40]. In dissolu-
tion testing, according to the U.S. Pharmacopeia, 
typically a nonreactive stainless steel wire helix is 
used when normally floating dosage forms are 
tested. In 1987, Soltero et al. fabricated, tested and 
classified various new sinker designs. Four classes 
of sinkers were defined: (a) Longitudinal sinkers 
contact the dosage forms on the long axis; (b) Lat-
eral sinkers wrap around the capsule or contact 
with it in the middle; (c) Screen enclosures are ei-
ther cage-shaped and hold the entire capsule or 
circular and placed on top of the capsule; (d) In-
ternal weights consist of two steel ball bearings 
[39].

While the use of sinkers may solve floating 
problems, their final position in the dissolution 
vessel may vary, thus contributing to deviance in 
test results. These can be eliminated by using the 
suspended stationary basket (for example felodi
pine stationary basket). Reproducibility and accu-
racy problems have been reported in connection 
with the USP Apparatus II. The primary source of 
variability is in the conventional cylindrical vessel, 

especially under the rotating paddle. The new 
peak vessels effectively displace the unstirred 
cone, forcing the tested API into the region of ap-
propriate hydrodynamics, where the whole prod-
uct is constantly and uniformly exposed to the 
medium [41].

The reciprocating cylinder method (USP Appa-
ratus III), based on the disintegration of tablets 
and capsules, appeared in 1991 [42,43]. This meth-
od is used for modified (sustained or delayed) re-
lease formulations. However, it simulates the vital 
physicochemical parameters and is undoubtedly 
more effective than USP Apparatus I-II for making 
in vivo predictions [44,45], the method was still 
extremely labor-intensive and there were limita-
tions with regards to automatization [18,42].

Later, in 1995, the USP Apparatus IV was intro-
duced as a flow-through cell method designed to 
mimic the bowel movement by pulsating flow. 
The design allows the medium to vary continu-
ously thereby inducing the pH gradient, thus the 
effect of this gradient and the continuous removal 
of the medium can be  investigated [46]. This de-
vice also enables the dissolution testing of sus-
tained-release formulations as the product always 
contacts with the fresh medium as if absorbed 
from the intestinal tract. The in vitro-in vivo cor-
relations (IVIVC) of the poorly soluble com-
pounds have been made easy with this flow-
through apparatus [47].

Sampling is also an important issue for dissolu-
tion studies. Today’s modern equipments are ca-
pable of sampling, which means it is removed, fil-
tered, and collected from a specific location at a 
given time. It is possible to measure the dissolved 
drug in the sample on-line with a spectrophoto
meter connected to the system. To ensure the ac-
curacy of the measurements rapid testing is inevi-
table along with the integrity of the equipment. 
Since the insoluble or yet undissolved particles 
(API or excipient) in the medium mustn’t leave 
the vessels, the applied filters are of great impor-
tance in dissolution testing. In general, the filters 
are made of UMWH PE (ultra-high-molecular-
weight polyethylene), but on occasions, when 
chemical compatibility is an issue, PVDF (polyvi-
nylidene fluoride or polyvinylidene difluoride) fil-
ters can also be used. PVDF exhibits increased 
chemical resistance and compatibility among ther-
moplastic materials and known for its inert resis-
tance (Figure 2).

Pharmacopoeias also regulate the procedure of 
the dissolution tests. For example, two pharmaco-
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poeial approaches are listed in the European Phar-
macopoeia for the examination of delayed-release 
solid dosage forms. The tablets are stirred for two 
hours in (a) 750 – 750 mL or  (b) 1000 – 1000 mL 
0.1 M degassed hydrochloric acid (HCl) at 
37±0.5 °C. Afterward, the pH is raised by adding 
buffer solutions: (a) 250 mL 0.02 M trisodium 
phosphate dodecahydrate solution is added to the 
dissolution vessel. If necessary, the pH is adjusted 
to 6.8±0.05 with 2.0 M hydrochloric acid or 2.0 M 
sodium hydroxide solution. (b) After two hours of 
dissolution in 0.1 M HCl, the hydrochloric media 
is drained from the vessels and replaced with  
1000 mL pH 6.8 phosphate buffer. The buffer solu-
tion is prepared by mixing 0.1 M HCl solution  
(3 parts) and 0.2 M aqueous solution of trisodium 
phosphate dodecahydrate (1 part). If necessary, 
the pH is adjusted to 6.8±0.05 with 2.0 M hydro-
chloric acid or 2.0 M sodium hydroxide solution. 
The solution exchange can also be accomplished 
by replacing the acidic vessel with new vessels 
previously filled with the 1000 mL of degassed pH 
6.8 buffer solution and thermostated to 37±0.5 °C 
and transferring the baskets. In both cases, the de-
vices are used for  additional 45 minutes or a spec-
ified period. Then a sample of the solution is re-
moved from the bulk and analyzed by suitable 
qualitative and quantitative tests [48].

In vitro forecasting methods

Bicarbonate buffers are often used for in vitro pre-

dictions as they simulate the physiological pH 
ranges (between pH 5.0 and 8.4) of luminal fluids 
present in the digestive tract well. The pH of the 
bicarbonate buffer is the result of a complex and 
dynamic interaction among the bicarbonate ions, 
the carbonic acid and the dissolved and solvated 
carbon dioxide, as well as the partial pressure 
above the solution [49]. Liu et al. developed the bi-
carbonate system by modifying Hanks’ buffered 
saline (pH 7.4) [50], that has too high pH but has 
too low buffer capacity compared to human intes-
tinal fluids [51]. Therefore, this buffer was modi-
fied to create a pH 6.8 bicarbonate buffer with 
higher buffer capacity. The Hanks’ solution is pri-
marily a bicarbonate buffer in which hydrogen 
carbonate (HCO3

-) and carbonic acid (H2CO3) are 
present simultaneously and carbon dioxide 
(CO2(aq)) is formed by the dissociation of the latter 
[52,53] (Eq. 3).

	 (3)

The buffer pH can be adjusted by altering the acid 
(H2CO3) and conjugate base (HCO3

-) concentration 
corresponding to the Henderson-Hasselbalch 
equation (Eq. 4):

	 (4)

Bicarbonate buffers are less commonly used in the 
solubility studies of solid formulations. The rea-
son lies in the thermodynamic instability of hy-

Figure 2 USP Apparatus I-II and various accessories. (SS: stainless steel; PTFE: polytetrafluorethylene; UHMWPE: ultra-
high-molecular-weight polyethylene; PVDF: polyvinylidene fluoride or polyvinylidene difluoride)
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drogen carbonate solutions due to the complex 
equilibrium between the various ions [49]. Sponta-
neous CO2 loss from the solution results in irregu-
larly increase in pH. To keep the pH at the desired 
level, either the CO2 loss must be completely 
avoided, or the leaked CO2 must be replaced by 
quantitative substitution, so an appropriate 
amount of gas has to be introduced to obtain the 
required pH again [54].
To avoid difficulties, Al-Gousous et al. developed 
a phosphate-based dissolution method (pH 6.5 
phosphate buffer) that resulted in similar dissolu-
tion profile compared to the carbonate system [55]. 
This method provides a better biopredictability in 
the fed state. The dissolution behavior of enteric 
polymers is more complex than the small mole-
cules, therefore such approaches have been used 
where the molarity of phosphate gave similar dis-
integration times with the physiological bicarbon-
ate buffer [55].

Biorelevant forecasting methods

Although the parameters and the biorelevant me-
dia can simulate the gastrointestinal tract better, 
the biorelevant methods provide a more complex, 
but less feasible way of studying the dissolution 
behavior of drugs [56]. In these cases, smaller vol-
umes (250 mL) of biorelevant fluids (e.g. FaSSIF – 
Fasted State Simulated Intestinal Fluid, FeSSIF – 

Fed State Simulated Intestinal Fluid, FaSSGF – 
Fasted State Simulated Gastric Fluid, FeSSGF – 
Fed State Simulated Gastric Fluid) are used to 
simulate the composition of fluids occurring at the 
different parts of the digestive tract. This way the 
experiments can provide a more accurate picture 
of in vivo dissolution [57,58,59,60]. These media 
also model buffer capacity and surfactants (bile 
acids, lecithin) at exact pH levels. However, the 
quantitative prediction of in vivo performance di-
rectly from the dissolution test results can be chal-
lenging, since various physiological parameters 
(e.g. gastric emptying, permeability through the 
intestinal membrane, transit time, pH, etc.) can 
also influence the bioavailability [61]. In general, 
the three most important absorption sites are 
modeled: stomach, duodenum and jejunum. The 
pH values of the media representing these sites 
are 2.0, 6.5 and 6.8. The stirring of the medium is 
ensured by mixing elements and the test is kept at 
constant temperature (37±0.5 °C).

Some methods that can be used to predict the 
behavior of the human body, such as the ASD (Ar-
tificial Stomach-Duodenum), a digestive system 
simulator that models three parts of the gastroin-
testinal tract: the stomach, the duodenum and the 
jejunum [62,63] (Figure 3). The precision pumps 
provide the fluid supply for gastric and intestinal 
secretion, as well as the transfer of chamber con-
tent between the gastric-duodenum and duode-

Figure 3 The GIS dissolution model.
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num-jejunum. The speed of the pumps and the 
liquid temperature are adjustable. Furthermore, 
the pH can be controlled while the rotation speed 
of paddles is kept constant [64].

Gut-on-a chip

The small intestine serves as a barrier against 
orally administered drugs, so it is highly impor-
tant to predict its function at drug development. 
The biggest problem of animal models is that, 
they can not always predict the processes that 
take place in the human body [65,66]. This poses 
particular problems with the management of nu-
trient metabolism, transport, and oral absorption 
[67]. For these reasons, there has been a growing 
interest in developing an in vitro model of human 
intestinal function, including cell culture systems 
using transwell filter inserts that allow transepi-
thelial inhibition. None of the existing in vitro in-
testinal models summarize the mechanically ac-
tive intestinal microenvironment (e.g. peristaltic 
movements and intraluminal fluid flow) [68]. To 
evaluate this feature, Kim et al. developed a gut-
on-a chip device (Figure 4) with an optical sensor 
system that allows continuous stimulation of 

Caco-2 cells with physiological stimuli, such as 
shear stress and cyclic mechanical stress, that 
stimulate peristaltic movements in vivo. The gut-
on-a chip device was made by chip microfabrica-
tion using a flexible material, polydimethylsiloxan 
(PDMS) polymer with an adaptation of a soft lith-
ographic technique. Therefore, the device has two 
independent compartments separated by a micro-
porous membrane on which small intestinal mo
del (Caco-2) cells were cultured.

Cyclic aspiration caused by peristaltic move-
ments of the human gut was performed with a 
computer-controlled vacuum tube. The authors 
demonstrated that the in vitro model reproduced 
the results of the previously described animals 
and humans, thus concluding that the gut-on-a 
chip device could be used to analyze intestinal 
pathophysiology and dissect disease in vitro [69].

Components of the dissolution test media

The FDA Dissolution Database describes a large 
number of the different media from the simplest 
medium (water) or buffer solutions to solutions 
with added surfactants, organic solvents and en-
zymes [70]. The pH values of the most common 

Figure 4 Gut-on-a chip device.
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dissolution media according to the database are in 
the range of 1.0- 7.5 (ionic strength similar to USP). 
Their pH values align with the corresponding sec-
tions of the GI tract, thus they are considered 
physiologically relevant [70]. In fasted state the 
gastric emptying time is approximately 30 min-
utes [71], in fed state it takes longer, about 2 hours 
[72]. This period varies greatly in healthy adults 
(20-53 years) and healthy children aged 0-5 years 
[73].

Conforming to the database, various acidic 
aqueous solutions can be used as solvents. The 
most commonly used sour media is hydrochloric 
acid (0.1 M, 0.01 M, 0.001 M), but phosphoric acid 
(0.01 M) is also widely used [70]. To simulate the 
intestinal fluid (SIF), a medium at pH 6.8 should 
be used. As the source of water highly influences 
basic test conditions, like the pH or surface ten-
sion, water is not a recommended choice for dis-
solution medium.Likewise, owing to both the active 
and inactive ingredients, the circumstances may 
also change during the dissolution test itself [74]. 
Besides, its low buffering capacity is also disad-
vantageous. For water-insoluble or sparingly wa-
ter-soluble drugs the use of surfactants, such as 
sodium lauryl sulfate (SLS) [4], Tweens (polysor-
bate 20 and 80), lauryl dimethylamine oxide 
(LDAO), Triton X [75], Brij 35 (polyoxyethylene 
lauryl ether) or cetyl trimethyl ammonium bro-
mide (CTAB) is common [70]. Artificial surfactants 
can interfere with salt formation of weak bases, 
thus dissolution can be affected in an artefactual 
way [76]. The incidental use of higher pH should 
be justified and should not exceed pH 8.0 in prin-
ciple [74]. Small intestine transit time is nearly 
similar in children [77] and healthy adults in fed 
state, it is about 7.5 hours [78], in fasted state it is 
much shorter, approximately 2.5 hours [79].

Although, the conduction of in vivo assays may 
often be opposed for ethical reasons, technical 
limitations or monetary consideartions, a better 
understanding of the infantile digestive process 
would be greatly informative and helpful. Learn-
ing the process of infant formula disintegration in 
the infantile digestive system is a key in the devel-
opment of new neonatal formulas with additional 
health benefits [80]. In recent years there was a lit-
tle progress in the development of biorelevant me-
dia for suitable pediatric dissolution tests [81]. 
Predictive biopharmaceutical methods represent-
ing the in vivo drug dissolution in children would 
be of huge benefit for early formulation screening 
and influence assessment.

Simulated gastric fluids

In the fasted state the simplest dissolution medi-
um is Simulated Gastric Fluid (SGF). This pepsin-
containing hydrochloric acid has a pH value of 
1.2, and its surface tension approximately equals 
to water [82]. To reduce its surface tension the use 
of surfactants, like SLS have been proposed [4]. 
Human stomach pH varies considerably (1.2-6.4) 
among individuals due to the prandial state, the 
quality and quantity of the consumed food. Typi-
cally the pH for fasted fluid ranges between 1.2 
and 2.7 [83,84,85,86,87,88], for fed gastric fluid it 
can range from 3.0 to 6.4, depending on the stage 
of digestion [85,86].

In 2005, Vertzoni et al. developed a medium 
to simulate the fasted state of gastric fluid, which 
reflects the actual gastric composition according 
to published physiological data [89]. FaSSGF  
(pH = 1.6) contains physiologically relevant 
amounts of pepsin, bile salts and lecithin to obtain 
in vivo-like  surface tension.

The content of the fed stomach is complex and 
its physicochemical properties change constantly 
over time as secretion, digestion and gastric emp-
tying proceeds, therefor milk and/or nutritional 
liquid products can only be used to simulate ini-
tial gastric conditions in the fed state. Homoge-
nized long-life milk (3.5% fat) is recommended as 
a solvent for simulating nutritional conditions 
[58,90,91,92,93]. The FeSSGF contains equal 
amounts of UHT-milk and acetate buffer. The 
mixture is stirred with a magnetic stirrer while the 
pH is adjusted to 5.0 with 0.1 N HCl. This medi-
um can be used to predict food effects [94]. The 
pH in the stomach usually rises due to the buffer-
ing ability of the meal, and initially may be up to 
pH 7.0, depending on the composition of the meal. 
After several hours of continued selection of gas-
tric acid, the pH is reduced to the initial value 
[85,95,96].

In 2017 Passannanti et al. developed a dynamic 
in vitro digestive system based on infant physiol-
ogy, including the oral, gastric and small intesti-
nal phases of digestion to estimate the digestibility 
of rice starch- and rice cream-based baby foods 
[97]. In another study, cow- and soya milk formu-
las were used to simulate the gastric fluid in neo-
nates [98] (Table 1).

Simulated small intestinal fluids

The most straightforward way to represent the 
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small intestinal conditions is by using Simulated 
Intestinal Fluid (SIF), a pancreatin-bearing medi-
um with pH = 6.8. Generally it is used for quality 
control puropses and its suitability for IVIVC is 
restrained. For example, the effect of food on the 
absorption of a drug cannot be predicted [99]. In 

the small intestine, the pH gradually increases be-
tween the duodenum and the ileum [2,100,101]. At 
the beginning of the transit, the pH changes rath-
er slowly [102]. In the fasting state, the small intes-
tine has a pH between 6.0-7.2, that decreases after 
a meal to a pH of about 5.0-6.0, since the food is 

Table 1 Adult and paediatric biorelevant media (V=1L) [58,70,71,72,76,77,78,88,93,97]
Fasted- state Simulated Gastric Fluid Fed-state Simulated Gastric Fluid

Neonate Infant Adult
Adult in-vivo 

data
[95,105,106]

Neonate- 
cow for-

mula

Neonate- 
soy for-

mula
Adult

Pepsin (mg/mL) 0.015 0.025 0.1 ~0.8 - - -
Sodium tauro-
cholate (µM) 20 60 80 ~0.8 - - -

Lecithin (µM) 5 15 20 - - - -
NaCl (mM) 34.2 34.2 34.2 68±29 100.35 94.79 237.02

Acetic acid (mM) - - - - 7.25 7.25 17.12
Sodium acetate 

(mM) - - - - 64.65 64.65 29.75

Milk:buffer ratio - - - - 1:1 1:1 1:1
pH 1.6 1.6 1.6 1.4-2.1 5.7 5.7 5.0

Buffer capacity 
(mmol/l/ΔpH) - - - 41.0±6.0 15 15 25

Osmolality 
(mOsmol/kg) 120.7±2.5 120.7±2.5 120.7±2.5 191±36 340 240 400±10

Gastric empty-
ing time (h) ~0.5 ~1.0 ~2.0

Fasted-state simulated 
intestinal fluid Fed- state simulated intestinal fluid

FaSSIF FaSSIF-V2 Neonate- 
breastfed

Neonate- 
cow for-

mula

Infant- 
cow 

formula
Adult “Early” “Middle” “Late”

Sodium tauro-
cholate (mM) 3 3 2.5 2.5 7.5 15 10 7.5 4.5

Lecithin (mM) 0.75 0.2 0.5 0.5 1.5 3.75 3 2 0.5
Dibasic sodium 

phosphate (mM) 28.65 - - - - - - - -

Maleic acid 
(mM) - 19.12 55.02 55.02 55.02 - 28.6 44 58.09

Sodium hydrox-
ide (mM) 8.7 34.8 81.65 81.65 81.65 101 52.5 65.3 72

Sodium chloride 
(mM) 105.85 68.62 95 111.73 107.35 173 145.2 122.8 51

Glyceryl mono-
oleate (mM) - - 5 6.65 5 - 6.5 5 1

Sodium oleate 
(mM) - - 0.8 1.06 0.8 - 40 30 -

Acetic acid (mM) - - - - - 144 - - 0.8
pH 6.5 6.8 5.8 5.8 5.8 5.0 6.5 5.8 5.4

Buffer capacity 
(mmol/l/ΔpH) 12 10 25 25 25 76 25 25 15

Osmolality 
(mOsmol/kg) 270±10 180±10 330±10 330±10 390±10 635±10 400±10 390±10 240±10

Small intestinal 
transit time (h) ~2.5 ~8.0 ~7.5
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mixed with the gastric juices that reduce the ini-
tial alkaline pH of the small intestine [55,103]. Af-
ter reaching the colon, the pH decreases to ap-
proximately 5.0 [100,102].

In 1998, Dressman et al. introduced a medium 
to simulate the fasting state in the small intestine 
based on physiological data [4,58]. In addition 
to  pH, osmolality and buffer capacity, FaSSIF 
takes the solubility of intestinal fluids into ac-
count. FaSSIF (pH = 6.5) contains sodium tauro-
cholate and phospholipids (4:1). In 2008, Jantratid 
et al. came up with the updated composition of 
FaSSIF. FaSSIF-V2 contains reduced amount of 
lecithin (0.75 mM in FaSSIF to 0.2 mM), it has low-
er osmolality and the phosphate buffer is substi-
tuted to maleate buffer (Table 1) [94].

The use of bicarbonic media in the small intes-
tine requires attention, as carbon dioxide intro-
duction is necessary to maintain the pH level, buf-
fer capacity, ionic strength and osmolality [104]. 
Phosphate buffer is used instead to avoid the inci-
dental pH instability.

The fed state simulating fluid (FeSSIF) was in-
troduced for better simulation of the small intesti-
nal surroundings [4,58]. FeSSIF has a pH of 5.0, 
the osmolality and buffer capacity were adjusted 
to approach the in vivo data like FaSSIF. In fed 
state (FeSSIF) the sodium taurocholate and phos-
pholipids concentrations are higher than in fasted 
state (FaSSIF) [105].

Based on novel studies, Jantratid et al. have re-
vised the composition of FeSSIF, as data indicated 
the rather slow pH decrease in the jejunum (upper 
part of the small intestine) after food intake [94]. 
The updated media (FeSSIF-V2) also contains var-
ious lipolysis products (glyceryl monooleate and 
sodium oleate).

So called snapshot media were developed to 
mirror the influence of digestive processes on the 
composition of fed state gastric media. “Early”, 
“middle” and “late” phases represent the different 
time-frames of the composition of the small intes-
tine after the ingestion. FeSSIF-V2 is suggested as 
a representative medium for the conditions in the 
small intestine [94]. Table 1 also includes the me-
dia used to simulate the intestinal fluids of neo-
nates and infants [98] as well as the transit time of 
the small intestine [77,78,79].

Simulated colon fluids

The colon can also serve as an absorption site, an 
alternative drug delivery route to the systemic cir-

culation. Although the absorption from the colon 
is less significant than from the small intestine, the 
systemic drug delivery via the colon has its advan-
tages: namely the prolonged retention time, the 
relatively low enzyme secretion and the direct de-
livery to the systemic circulation avoiding the he-
patic first-pass effect. Previous studies have shown 
that the pH in the initial part of the large intestine 
ranges with time and the composition of food in-
take from 4.8 to 7.0 [106]. In 2005, Fotaki et al. [107] 
developed a Simulated Colonic Fluid (SCoF) based 
on the pH values and short-chain fatty acid con-
centration according to available physiological 
data. SCoF has slightly acidic pH (pH 5.8). In 2010, 
Vertzoni et al. developed media that simulates the 
physicochemical characteristics of the ascending 
colon in the fed and fasted states [108]. Fasted state 
simulated colonic fluid (FaSSCoF) contains tris/
maleate buffer solution and the pH is adjusted to 
7.8. The same components are present in the fed 
state simulated colonic fluid (FeSSCoF) but in dif-
ferent concentrations, and the pH is adjusted to 6.0 
[106]. Significant differences can be observed in the 
colon transit times of different age groups. While 
in children this period is about 17.5 hours long 
[77], in adults it takes remarkably more, around 39 
hours [109] while in the elderly (75-80 years) this 
can extend even up to 66 hours [110] (Table 2).

Comparison of in vitro dissolution profiles

Among the numerous model-dependent and mod-
el-independent methods investigated for dissolu-
tion profile comparison, the use of fit factors are 
the simplest. The method was introduced by 
Moore and Flanner, and nowadays it is recom-
mended by several global regulatory authorities. It 
is a model-independent mathematical approach to 
analyze the dissolution curves applying the simi-
larity factor f2 [111,112]. The method compares the  
dissolution values (in percentage) of the reference 
Table 2 Components of SCoF (V=1 L) [76,108,110,111]

SCoF
Acetic acid (mM) 170

NaOH (mM) 157
pH 5.8

Osmolality (mOsmol/kg) 295
Buffer capacity (mmol/l/pH) 29.1

Ionic strength 0.16

Transit time (h) Children: ≈17.5 
Adult: ≈39
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and sample preparation at time and can be de-
scribed by the following equation (Eq. 5).

	 (5)

where n is the number of sampling points, Rt is 
the cumulative percentage of the drug dis-
solved in the reference product at Tt the cumu-
lative percentage dissolved at the selected times 
of the test product [113].

Profile tests and f2 calculations are not necessary if 
more than 85% of the drug is dissolved in 15 min-
utes. If the similarity factor, f2 is higher than 50, 
the dissolution profiles can be considered similar.

Conclusions

The dissolution methods used in quality control 
tests are simple, standardized tests that are well 
regulated by the pharmaceutical authorities. How-
ever, the conditions of these studies are often far 
from biologically relevant conditions, their in vivo 
predictability is limited. Biorelevant dissolution 
methods are used as in vitro representatives of in 
vivo performance. The updated biorelevant disso-
lution media simulate the physiological in vivo and 
in vitro hydrodynamic conditions accurately and 
also attempt to mimic the luminal hydrodynamics. 
These media can be used to predict the perfor-
mance of different formulations and the effect of 
food in vivo. The proper selection of in vitro cir-
cumstances that closely simulate the in vivo condi-
tions can lead to successful predictions of in vitro – 
in vivo correlation (IVIVC) for oral formulations.
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