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1 Introduction

1.1 The role of dissolution testing in the pharmaceutical industry

Dissolution testing in the pharmaceutical industry is used to predict expected
bioavailability and for quality control purposes. The release of active pharmaceutical
ingredients from dosage forms is examined throughout product development to determine
the final formulation and in research to evaluate the impact of manufacturing parameters,
as well as to assess the quality and quantity of excipients involved in the composition (1).
Quality control is present from the early stages of development, ensuring that the product
meets specified criteria at every manufacturing step. The methods used in quality control
are simple, standardized, and well-regulated by pharmaceutical authorities. These tests
help verify attributes like tablet content uniformity, disintegration time and drug release
profile. In addition, stability testing of tablets plays an important role by comparing the
dissolution profiles of drugs stored under certain conditions over time with those of the
original samples.

Accurately predicting the in vivo bioavailability from a drug delivery system requires
effective modeling of the gastrointestinal environment. Dissolution methods must
simulate the biological environment, where the dosage form encounters varying pH, ionic
strength and bile salt concentrations. Simulating these conditions in the laboratory is
especially important for formulations with enteric coatings, where drug release in the
stomach is undesirable. Per os administration, the first point of entry is the mouth, which
in some cases (for example, sublingual tablets) is also the site of absorption. Beyond the
mouth, the gastrointestinal tract is divided into three main sections: the stomach, the small
intestine and the colon (2). The variable conditions of the GI tract significantly affect the
in vivo dissolution profile of the active ingredient (API) (3), as the environment secretes
various substances such as water, enzymes, surfactants and hydrochloric acid, which
influence pH, buffer capacity and molarity (4). These factors collectively impact the
dissolution and absorption of APIs (5). While both the stomach and small intestine play
fundamental roles in the dissolution process, the small intestine is typically the primary
site of absorption. Although some absorption occurs in the colon, its contribution is

generally less significant than that of the small intestine.



Food and fluid intake, in addition to factors such as disease and concomitant
medications, greatly influence the gastrointestinal environment. Therefore, in vitro
bioavailability studies are performed under standardized conditions. According to
European Medicines Agency (EMA) guidelines, bioequivalence (BE) studies are
generally conducted in the fasting state, as this is considered the most sensitive condition
for detecting differences between formulations (6). Similarly, the U.S. Food and Drug
Administration (FDA) requires fasting studies for proving bioequivalence (7). Study
participants typically fast for 8 hours before the administration of the drug delivery
system, after which both test and reference preparations are given with a standard volume
of water (240 ml). No food is allowed for at least 4 hours of post-dosing (8).

However, for many active ingredients, the bioavailability of conventional oral dosage
forms is partly limited by rapid gastric emptying. Many active molecules benefit from
prolonged gastric retention. Gastroretentive drug delivery systems (GRDDS) provide an
optional solution to extend gastric residence time (9-11). Numerous technologies (such
as floating systems, swelling systems, etc.) have been developed to increase the time a

drug delivery system remains in the stomach (12).

1.2 The Biopharmaceutical Classification System (BCS)

From a bioavailability perspective, two major physicochemical properties
characterize active ingredients: solubility and permeability. Studies have shown that these
two factors are the most critical in the relationship between in vitro drug dissolution and

in vivo bioavailability. Based on these properties, APIs can be classified into four groups

(Figure 1) (13).
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Figure 1 The Biopharmaceutical Classification System (BCS) (own figure)
Diagram of the BCS (Biopharmaceutics Classification System), which categorizes
drug molecules into four classes based on their solubility and permeability. The

diagram also includes the two subgroups of BCS Class I1: DCS Il/a. and DCS 11/b.

According to BCS, an active ingredient is considered highly soluble if its highest
dose dissolves in 250 ml or less of aqueous medium at pH 1.0-7.5; otherwise, it is
classified as poorly soluble (15). The 250 ml volume estimate comes from bioequivalence
study protocols, which require patients to take a dosage form with a glass of water (16).
The EMA specifies a pH range of 1.2-6.8 for solubility tests, requiring measurement of
the aqueous medium’s pH both before and after adding the API (17). The solubility of
poorly soluble APIs can be improved by using solubilizing agents. Additionally, recent
studies suggest that API permeability can also be modified by adding excipients to the
formulation (18).

During early-stage drug candidate research, a molecule’s physicochemical properties
can be altered by modifying its chemical structure. Adding polar substituents (19) or using
salt formation (20) can improve the water solubility of poorly soluble molecules, while
lipophilicity can be enhanced, for example, by introducing a fluorine substituent.
However, changing the chemical structure of a drug candidate is often impractical, as it

may affect the compound’s therapeutic efficacy, metabolism, toxicity, or synthesis.
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Therefore, formulation techniques often provide a more favorable solution to poor water
solubility.

Permeability classification is based directly on the API’s human intestinal absorption
(HIA). Good permeability is defined as a drug with greater than 85% absorption. An API
is considered highly permeable if its absorption from the intestine reaches or exceeds
90%. If this property measures below 85%, the API is considered poorly permeable (21,
22). Current data show that about 70% of new drug molecules are poorly water-soluble,
BCS Class II drugs, which presents significant challenges for pharmaceutical researchers
and developers. Moreover, at least 30% of currently marketed drugs also fall into this
category (23).

A drug delivery system is considered to have rapid release if at least 85% of the API
dissolves within 15 minutes using a rotating basket (USP Apparatus 1) (100 rpm,
37+0.5°C) or paddle (USP Apparatus II) (50 rpm, 37+0.5°C) in up to 900 ml of medium,
which may include: (a) acidic media, such as 0.1 N HCI or enzyme-free USP Simulated
Gastric Fluid (SGF); (b) pH 4.5 buffer; and (c) pH 6.8 buffer or enzyme-free USP
Simulated Intestinal Fluid (SIF). If this criterion is not met, the formulation is considered
to have slow release (21, 24).

Besides the four BCS classes, it is also important to mention the Developability
Classification System (DCS), a modern classification system in the pharmaceutical
industry designed to support development of poorly soluble APIs. The DCS focuses on
optimizing formulation strategies, recommending key modifications to improve
suitability for product development. Biorelevant media were introduced by the DCS
creators to provide more reliable assessment of in vivo solubility. Furthermore, BCS
Class II was subdivided into two subclasses: DCS II/a. and DCS II/b. Another notable
modification was the shifting the dose solubility ratio, resulting in a lower threshold for
a molecule to be considered “soluble”. DCS II/a. molecules have dissolution rate
limitations. Theoretically, if maximum solubility is achieved faster, molecule absorption
can be improved. Therefore, development should focus on increasing the dissolution rate.
DCS II/b. compounds are so poorly soluble that, regardless of how rapidly the drug enters
solution, absorption will not be affected. The fundamental challenge with DCS Il/b.
molecules is, therefore, solubility (25, 26).



1.3 The development and evolution of dissolution testing

The in vitro assessment of drug release profiles from drug carrier systems is among
the critical testing methods in the pharmaceutical industry. In addition to being used for
formulation development and quality control of pharmaceutical products, the primary
goal of in vitro dissolution measurements is always to predict the in vivo performance of
the dosage form. This method has significantly advanced compared to simple
disintegration tests, enabling dissolution testing of immediate release (IR) products as an
integral part of quality control processes. Research related to dissolution testing began
more than a century ago in the field of physical chemistry and has since undergone many
significant advancements (27). The first dissolution studies were carried out by Noyes
and Whitney in 1897, focusing on the dissolution of benzoic acid and lead-chloride, both
known for their poor solubility. These compounds were placed in glass cylinders
immersed in water tanks, where the cylinders were rotated at a constant speed and
temperature. The authors observed a proportional relationship between the dissolution
rate and the difference between the instantaneous concentration ¢ at time ¢ and the

saturation solubility c,, where £ is a constant (Equation 1.) (27, 28).

S —kx(cs—c) (1

The Nernst-Brunner equation, introduced in 1904, is derived from the diffusion layer

model and Fick's second law (Equation 2).

d D
—= k(e —0) )

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

Later, alternative models were available. In 1951, Danckwerts introduced the classic
surface renewal model, which provides a quantitative description of gas absorption on the
surface of turbulent liquids. This model demonstrates that the gas-liquid interface, where
absorption occurs, is continuously refreshed by new liquid elements originating from the

bulk (29). In 1961, Higuchi revised the interfacial barrier model and proposed that
10



interfacial transport, which requires high activation energy, should be considered the rate-
limiting step (28).

For tablets, the evolution of disintegration testers and dissolution testers is
inseparable. Disintegration testing for tablets was introduced in the Pharmacopeia
Helvetica in 1934. The method used water at 37+0.5°C as the medium, applying
intermittent agitation (30). Over time, various other disintegration tests were developed,
incorporating devices such as tubes and meshes (31), and aimed at reproducing
biologically relevant conditions by using simulated gastric fluid as the medium (32). In
1948, Filleborn introduced an artificial stomach model simulating in vivo conditions,
including pH, peristalsis, fed state, gastric fluid volume and hydrostatic pressure (33).
Despite advances in in vitro dissolution testing, such methods became widely applied
only until the early 1950s.

Although numerous physicochemical dissolution experiments were conducted, the
first official dissolution tests were adopted by the British Pharmacopoeia in 1945,
followed by the USP in 1950 (34). Researchers only began to recognize the importance
of dissolution and absorption rates of orally administered drugs in the early 1950s (30).
Assuming that a drug is rapidly absorbed from the gastrointestinal tract, the transition of
the molecule into dissolved form was identified as the rate-limiting step controlling the
appearance of the active ingredient in the bloodstream. This concept was first published
by Edwards in 1951 (35), who suggested that if acetylsalicylic acid tablets disintegrate in
the stomach, the intestine plays a key role in determining the drug's absorption into the
bloodstream (30).

In 1957, Nelson was the first to correlate the in vitro dissolution rate with the blood
levels of orally administered theophylline salts (36). However, it was not until the mid-
1960s that the impact of the release of the active ingredient from the dosage form and its
dissolved state on the therapeutic efficacy of oral drugs became widely recognized.
Reports published in 1963 (37) and 1964 (38) highlighted a lack of clinical efficacy. In
Canada, two commercially available tolbutamide-containing drug products were found to
be less effective than other authorized medicines containing the same active
pharmaceutical ingredient. According to studies, this was due to the tablets' slower
disintegration and slower active ingredient release (39). Similar results were later found

11



in studies investigating tablets containing other actives (40). In 1968, Martin and
colleagues reported significant differences in the bioavailability of drug products
containing diphenylhydantoin, chloramphenicol, and sulfisoxazole among preparations
from different manufacturers (41).

The most significant bioavailability problems were reported with phenytoin in the
United Kingdom and the United States in 1971, and in Australia and New Zealand in
1968. In the study, a sevenfold difference was observed in serum digoxin levels between
products from different manufacturers. This prompted the Food and Drug Administration
(FDA) to examine the in vitro drug release profiles of 44 digoxin-containing products
from 32 manufacturers. Their results showed substantial differences in the dissolution
profiles of the formulations (28, 42). In the case of phenytoin, increased toxicity was
observed when lactose was used as an excipient instead of calcium sulfate in a capsule
(43). The lower absorption of phenytoin in the original formulation was attributed to the
precipitation of insoluble calcium phenytoin salt (44). However, in 1979, Chapron and
colleagues found no impact of calcium on phenytoin bioavailability in studies conducted
with calcium gluconate. These results suggest that the presence of lactose caused an
undesirable increase in plasma concentration, exceeding the narrow therapeutic range
(10-20 pg/ml). Chapron concluded that the strong hydrophilic nature of lactose increased
the dissolution rate of phenytoin, thus enhancing its bioavailability and resulting in higher
plasma concentrations (45).

This period highlighted the critical relationship between solubility and
bioavailability. As a result, dissolution tests became an essential tool for quality control.
Following these developments, the rotating basket test (USP Apparatus I, designed by M.
Pernarowski) was officially accepted as a dissolution tester by the United States
Pharmacopeia (USP) and the National Formulary (NF) in 1970 (1, 27, 30, 34, 46). In
recent decades, dissolution tests have been standardized, and calibration procedures have

also been established.
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1.4 Pharmaceutical methods

The evolution of tablet disintegration devices has led to the development of
dissolution testers, typically equipped with 6-8 vessels. Alongside test samples, blank or
standard samples may also be included. The 11th European Pharmacopoeia (Ph. Eur.)
summarizes these most used dissolution tests in its 2.9.3. method (Dissolution tests for

solid dosage forms) (47).

1.4.1 USP Apparatus |

USP Apparatus I (rotating basket apparatus) (Figure 2) was first introduced in 1971.
In this case, the mixing element is a cylindrical basket. Modern pharmacopeial standards
(Ph. Eur., USP, JP) prescribe baskets of standardized size and design made of stainless
steel for dissolution testing. Unfortunately, long-term use in acidic or other corrosive
media can damage these baskets, which can endanger measured results. To address this,
the USP allows a 2.5 um thick pure gold coating in acidic media or when the drug interacts
with the stainless-steel basket. In highly corrosive or solvent-rich conditions, protective
coatings such as PTFE (polytetrafluoroethylene), FEP (fluorinated ethylene propylene),
and PFA (perfluoroalkoxy alkane) are ideal for protecting the parts. At the beginning of
each test, a dose of the test sample is placed into the basket. This method is generally used
for measuring capsules, as capsules tend to float to the surface after being dropped into

the medium.

1.4.2 USP Apparatus 11

USP Apparatus II (paddle apparatus) (Figure 2) was introduced in 1978 (30, 34).
These devices are made from stainless steel or other inert materials, and inert surface
coatings are also permitted. This method is primarily used to test tablets that sink to the
bottom of the vessel before mixing begins. However, for certain dosage forms, such as
hard gelatin capsules (48), sticky tablets, or slowly disintegrating tablets, a sinker (Figure
2) is necessary to prevent the sample from floating (34).

Placing the samples in a sinker, such as an 8-mesh basket sinker (Japanese
Pharmacopoeia size), spiral capsule, O-ring, or U-type sinker may resolve these concerns

allowing the use of the paddle apparatus (49). For floating dosage forms, the United States

13



Pharmacopeia generally recommends the use of a non-reactive stainless-steel spiral for
dissolution testing.

In 1987, various new sinker was defined into four categories by Soltero and
colleagues: (a) longitudinal sinkers contact the dosage form along its long axis; (b) lateral
sinkers surround the capsule or contact it at the center; (¢) cages may be basket-shaped to
hold the entire capsule or circular to sit on top of the capsule; (d) internal weights consist
of two steel ball bearings (48). These innovations have expanded the applicability of the
paddle method for various dosage forms, ensuring accurate and consistent dissolution
tests.

Although sinkers can solve floating problems during the dissolution test, their final
position in the vessel may vary, thus contributing to device in test results. This variability
can be reduced by using a suspended stationary basket, such as the felodipine stationary
basket. Nevertheless, reproducibility and accuracy challenges have also been reported
with USP Apparatus II.

The primary source of variability is often attributed to the traditional cylindrical
vessel, especially the area beneath the rotating paddle. To solve this, newly designed peak
vessels have been developed. These vessels effectively eliminate the unmixed
formulation cone by directing the API to regions with optimal hydrodynamics. This
ensures that the entire product is evenly exposed to the dissolution medium, improving

test reliability and reducing variability (50).
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Basket

Standard: 40-mesh; SS (Ph. Eur; USP)
Special forms:stationary basket (USP),
suppository basket; mini-basket

Cannule filter

Material: UHMWPE or PVDF
Size: 1,4, 10, 35, and 70 pm

Mesh-size: 10, 20, 80 mesh (USP)
Coating: without or with PTFE or gold
coated (USP)

Spin-Paddle

Vessel Standard: SS for 1L vessel
e y 2 . Ph.Eur; USP,

Standard: cylindrical with a hemispherical gﬂaten'alz PTlgE coated SS; solid PTFE;
bottom; V=1 L (Ph. Eur; USP) polished SS ' '
Material: glass or other inert Size: paddle for 2 L vessel (USP);

Color: clear or amber J A

V= 2L (USP); 4 L (USP) or small volume mini-paddles for small volume vessel/CSV
(100/150/200/400 mL); Chinese (CSV) o

vessel (250 mL) —

Bottom: peak vessel (USP); flat-bottom Sinker 01@1"

vessel Type: basket; pronged; O-ring; spiral, wire

Material: SS; nyleon/PP; music wire
Coating: without or with PTFE coated

Figure 2 USP Apparatus I-1I and various accessories (own figure, 14)
Apparatus I (basket) and Apparatus Il (paddle) dissolution devices, along with
various types of dissolution vessels, sinkers used to floating samples in place, and

cannule filters that help obtain particle-free solution during sampling.

1.4.3 USP Apparatus 111

The vertical reciprocating cylinder method (USP Apparatus III) (Figure 3) was
introduced in 1991 (51), designed for testing modified release (MR) formulations, such
as sustained release (SR) or delayed release (DR) tablets and capsules. This method is
particularly advantageous, as it more efficiently simulates critical physicochemical
parameters than USP Apparatus I and II, making it excellent for in vivo predictions (52).

Despite its advantages, the method also has significant disadvantages. It is very labor-
intensive and presents challenges for automation, limiting its widespread use and

practicality in routine testing environments (27, 51).
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Figure 3 BioDiss dissolution testing equipment (own photo)

The Biodiss system, a modern dissolution testing apparatus designed for biorelevant
media. It enables precise simulation of gastrointestinal conditions, supporting the

evaluation of drug release profiles under physiologically relevant environments.

1.4.4 USP Apparatus IV

USP Apparatus IV (flow-through cell device) (Figure 4) was introduced in 1995 as
a flow-through method that simulates intestinal peristalsis with pulsatile flow. This
innovative design allows for continuous medium exchange and even dynamic pH gradient
creation. Researchers can thus examine the effects of pH gradient and continuous removal
of the dissolution medium (53).

The device is particularly suitable for testing sustained-release preparations, as it
continuously exposes the formulation to fresh medium, modeling absorption in the
intestines. Furthermore, USP Apparatus IV has significantly improved in vitro-in vivo
correlations (IVIVC) for poorly soluble compounds, making it a valuable device for

dissolution testing and formulation development of compounds with poor solubility (54).
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Figure 4 Flow-through cell dissolution testing equipment (own photo)

Flow-through cell dissolution testing apparatus, designed for continuous media flow
around the dosage form. This system allows precise control of hydrodynamic conditions

and is especially suitable for poorly soluble drugs and modified-release formulations.

1.5 European Pharmacopoeial Dissolution Tests

Pharmacopoeia provides varying guidance on conducting dissolution tests. The
United States Pharmacopoeia (USP) specifies detailed dissolution methods for many
active substances, including the required apparatus, medium, measurement time, and Q
value. In contrast, the Ph. Eur. provides only general methodological guidance, leaving
the exact parameters to manufacturers and product specifications. For delayed-release
solid dosage forms, it describes two approaches. In both methods, the medium must be
mixed with the tablets for two hours: (a) in 750 ml or (b) 1000 ml of 0.1 M degassed
hydrochloric acid (HCl) at 37+0.5 °C. After this initial phase, the pH can be raised by
adding buffer solutions as follows:

(a) By adding 250 ml of 0.02 M trisodium phosphate dodecahydrate solution to the
vessel. If necessary, the pH is adjusted to 6.8+0.05 with 2.0 M hydrochloric acid or 2.0
M sodium hydroxide.

(b) After two hours of dissolution in 0.1 M HCI, the hydrochloric media is drained

from the vessels and replaced with 1000 mL pH 6.8 phosphate buffer. The buffer solution
17



is prepared by mixing 0.1 M HCI 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 hydrochloric acid or 2.0 M sodium hydroxide solution.

Alternatively, the entire medium may be replaced by transferring the baskets into a
new vessel prefilled with 1000 ml of degassed pH 6.8 buffer solution thermostated at
37+0.5 °C.

In both cases, the solutions are used for a further 45 minutes or as specified. Finally,
samples are taken from the solution and analyzed using appropriate qualitative and

quantitative methods.

1.5.1 Dissolution medias

Bicarbonate buffers are typically used in vitro to simulate the physiological pH range
(5.0 to 8.4) of luminal fluids in the digestive tract. The pH of a bicarbonate buffer is
determined by the dynamic interaction of bicarbonate ions (HCOs3), carbonic acid
(H2CO:3), dissolved carbon dioxide (COazq)), and the partial pressure of CO2 over the
solution (55). Liu and colleagues promoted the development of bicarbonate systems by
modifying Hank's buffered saline (pH 7.4) (56), of which pH is too high and buffering
capacity too low compared to human intestinal fluids (57). To address this, the buffer was
adjusted to create a pH 6.8 bicarbonate solution with increased buffer capacity. Hank's
solution primarily acts as a hydrogen carbonate buffer, containing both hydrogen
carbonate (HCO3) and carbonic acid (H2CO3). The dissociation of carbonic acid
contributes to the formation of aqueous carbon dioxide (CO2@q), ensuring dynamic

equilibrium and physiological relevance (58, 59) (Equation 3).
COZ(Q) = H20+C02(aq) <—)H2C03 (—)H++HCO§ (3)

The pH of the hydrogen carbonate buffer can be set by modifying the concentrations
of the acid (H2CO3) and its conjugate base (HCOs3 ), as described by the Henderson-
Hasselbalch equation (Equation 4):

HCO3
pH = pKa + HZTOZ (4)

18



Due to the thermodynamic instability of hydrogen carbonate solutions, bicarbonate
buffers are less commonly used for dissolution testing of solid preparations (60). The
main challenge is the spontaneous loss of CO: from the solution, causing irregular
increases in pH. To maintain the desired pH, CO: loss must either be completely
prevented or quantitatively compensated by returning a suitable amount of CO- gas to re-
establish equilibrium (61).

To overcome these challenges, Al-Gousous and colleagues developed a phosphate-
based dissolution method with pH 6.5 phosphate buffer, which produced dissolution
profiles similar to those of bicarbonate systems for the tested formulations (62). This
approach enables better biological prediction in the fed state. The dissolution behavior of
enteric polymers is considerably more complex than that of small molecules; therefore,
such innovative approaches are necessary. The molarity of the phosphate buffer has been
optimized to similar physiological bicarbonate buffers, making it a practical and reliable
alternative (63).

The FDA database for in vitro dissolution testing provides extensive information on
various media that can be used for measurements. Alongside simple compositions,
complex systems are also available, which may contain surfactants, organic solvents, and
enzymes (64). The most frequently used dissolution media listed in the database have pH
values ranging from 1.0 to 7.5, with ionic strengths similar to those described in the USP.
These pH values correspond to different phases of the gastrointestinal tract (GIT), making
them physiologically relevant (64).

Gastric emptying time is influenced by many factors, including nutritional status. In
the fasted state, gastric emptying typically occurs within about 30 minutes (65), whereas
in the fed state, the process takes longer, averaging about 2 hours. This timeframe can
vary significantly across age groups, including healthy adults (20-53 years old) and
children 0-5 years (66).

According to the FDA dissolution database, various acidic aqueous solutions can be
used as solvents for dissolution testing. The most used acidic media are hydrochloric acid
at0.1 M, 0.01 M, and 0.001 M concentrations, but phosphoric acid (0.01 M) is also widely
used (64). For simulating intestinal fluid (SIF), a medium with pH 6.8 is recommended.
However, due to its effect on basic test conditions, such as pH and surface tension, water
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is not recommended as a dissolution medium. Its low buffer capacity further increases its
limitations. Due to interactions between active and inactive components, dissolution
conditions may change during the test, complicating the process.

For drugs poorly soluble or insoluble in water, surfactants are often used to increase
solubility. Commonly used surfactants include sodium lauryl sulfate (SLS) (4), various
polysorbates, lauryl dimethylamine oxide (LDAO), Triton X (67), Brij 35
(polyoxyethylene lauryl ether), and cetyltrimethylammonium bromide (CTAB) (64).
However, synthetic surfactants can interfere with the salt formation of weak bases,
potentially causing inappropriate effects on dissolution. Sometimes higher pH values may
be needed but should remain justified and not exceed pH 8.0. The transit time of
formulations in the small intestine is similar in children (68) and healthy adults in the fed
state, averaging about 7.5 hours (69). In the fasted state, this time is significantly shorter,
approximately 2.5 hours (70).

Although in vivo studies are often limited by ethical considerations, technical
challenges, or financial constraints, a deeper understanding of infant digestion provides
valuable information. Such knowledge is vital for understanding, for example, how
components of infant formula are broken down in the newborn's digestive system. This
knowledge is crucial for developing new formulas with enhanced health benefits (55). In
recent years there was a little progress in the development of biorelevant media for
suitable pediatric dissolution tests (71). Predictive biopharmaceutical methods
representing the in vivo drug dissolution in children would be of huge benefit for early

formulation screening and influence assessment.

1.5.2 Sampling and detection

Sampling is crucial during dissolution tests. The sampling location in dissolution
studies are considered critical as it can significantly affect the accuracy and
reproducibility of the results. The position is strictly regulated by pharmacopoeias (e.g.,
USP, Ph. Eur.). The sampling point is determined by the distance from the vessel wall,
the height of the paddle, and the volume of the medium.

Since the media contain insoluble or yet undissolved particles (API or excipients),
various filters play an important role in dissolution studies. Filters are typically made
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from UHMW PE (ultra-high molecular weight polyethylene), but when chemical
compatibility presents a challenge, PVDF (polyvinylidene fluoride) filters may also be
used. PVDF shows enhanced chemical resistance and compatibility among thermoplastic
materials.

Traditional dissolution testers are often characterized by off-line sampling, where
detection does not occur in real time. Samples are collected either manually or
automatically and then analyzed away from the dissolution apparatus, sometimes in a
different laboratory, typically by UV spectrophotometry or HPLC. The at-line
arrangement is faster than the off-line solution; here, sampling and detection occur in the
same space. Modern dissolution testing equipment is now designed to facilitate automated
sampling, including the removal, filtration, and collection of samples from a defined
location at preset intervals. Advanced systems can even measure the concentration of
dissolved drug in real time using an integrated spectrophotometer. Many laboratories
operate dissolution testers in on-line mode, which allows for automatic sample removal
and real-time detection, although even in these cases, the withdrawn sample is physically
separated from the process. The collected sample is transported with tubing to an
analytical device that detects the dissolved amount of drug substance.

Increasingly, in-line methods are being adopted, in which detection occurs directly
within the medium, without removing a portion of the sample. This method enables
continuous, real-time monitoring.

Considering its advantages, ICP-OES may be suitable as a process analytical
technology (PAT) tool in the pharmaceutical industry, as it can detect changes in chemical
composition and, with appropriate tools, can be adapted for real-time monitoring (72).

To guarantee the accuracy of these measurements, rapid detection of the active
ingredient concentration and the maintenance of device integrity are essential. Insoluble
or undissolved particles, whether active ingredients or excipients, must remain in the

dissolution vessel, emphasizing the importance of effective filtration.

1.6 Biorelevant predictive methods
While biorelevant parameters and media enable a more accurate simulation of the

gastrointestinal tract, their complexity makes them less suitable for routine in vitro
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dissolution studies (73). Biorelevant methods use smaller volumes of fluid (250 ml) for
the assay, mimicking the composition of different regions of the digestive system. These
include fluids such as fasted state simulated gastric fluid (FaSSGF), fed state simulated
gastric fluid (FeSSGF) (Table 1), fasted state simulated intestinal fluid (FaSSIF), and fed
state simulated intestinal fluid (FeSSIF) (Table 2) (74-76).

Table 1 Composition of fasted and fed state simulated gastric fluids

The table summarizes the compositions of fasted state simulated gastric fluid and fed state

simulated gastric fluid.

FaSSGF FeSSGF
Pepsin (mg/mL) 0.1 -
Sodium taurocholate (uM) 80 -
Lecithin (uM) 20 -
Sodium chloride (mM) 34.2 237.02
Acetic acid (mM) - 17.2
Sodium acetate (mM) - 29.75
Milk:buffer ratio - 1:1
pH 1.4-2.1 5
Buffer capacity (mmol/l/ApH) 41.0+6.0 25
Osmolality (mOsmol/kg) 191£36 400£10
Gastric emptying time (hours) ~0.5 ~2.0
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Table 2 Composition of fasted and fed state simulated intestinal fluids
The table summarizes the compositions of fasted state simulated intestinal fluid and fed

state simulated intestinal fluid.

R I I ol
V2 V2

Sodium taurocholate (mM) 3 3 15 10
Lecithin (mM) 0.75 0.2 3,75 2
Disodium phosphate (mM) 28.65 - -
Maleic acid (mM) - 19.12 - 55.02
Sodium hydroxide(mM) 8.7 34.8 101 81.65
Sodium chloride (mM) 105.85 68.62 173 125.5
Glyceryl monooleate (mM) - - - 5
Sodium oleate (mM) - - - 0.8
Acetic acid (mM) - - 144
pH 6.5 6.8 5 5.8
Buffer capacity (mmol/l/ApH) 12 10 76 25
Osmolality (mOsmol/kg) 270£10 180£10 | 635+10 | 390+10
Intestinal transit time (hours) ~2.5 ~7.5

These media not only replicate the composition of human fluids but also include
components that ensure buffer capacity and surfactants (such as bile acids and lecithin)
at defined pH levels, allowing for a more accurate representation of in vivo dissolution.
However, translating the results of dissolution tests into quantitative in vivo performance
predictions remains a challenge. Physiological factors such as gastric emptying, intestinal
membrane permeability, transit time, and pH can significantly influence bioavailability
(77). For oral administration, biorelevant dissolution studies generally focus on three
main absorption sites: the stomach, the small intestine, and the colon. The media
representing these sites have pH values of 2.0, 6.5, and 6.8, respectively. To ensure
homogeneity, the medium should be mixed with stirrers, and the tests are conducted at a

temperature between 37+0.5°C. These conditions aim to simulate the physiological
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environment, providing a more accurate picture of the drug’s in vivo dissolution and
absorption.

Methods such as the Artificial Stomach-Duodenum (ASD) simulator offer
advanced tools for predicting the behavior of pharmaceutical formulations in the human
gastrointestinal tract. The ASD models three key regions: the stomach, the duodenum,
and the jejunum (78, 79) (Figure 5). Peristaltic pumps in the system regulate the supply
of fluids representing gastric and intestinal secretions, as well as the transfer of contents

between the stomach and duodenum and between the duodenum and jejunum.

Duodenal secretion chamber
with peristaltic pump Gastric emptying Duodenal emptying

SIF (pH=6~7) Flow rate of peristaltic pump
Flow rate (secretion rate) of peristaltic X4(mi/min)
pump : X5 (ml/min)

Flow rate of peristaltic

—

Bath: 37 °C

Gastric secretion chamber
with peristaltic pump

SGF (pH=2)

Flow rate (secretion rate) of peristaltic
pump : X, (ml/min)

Gastric chamber Duodenal chamber Jejunal chamber
Vg min=50 ml SGF + 250 ml water Vo min=50 mi SIF (pH=6~7) Vo min=empty
Vi min=300 mI+t(X-X;) Vi min=50 mi+t* (X, +X-X4) Vi min=t"Xg

Figure 5 The GIS dissolution model (own figure, 14)
The GIS (Gastrointestinal Simulator), a dynamic, multi-compartmental dissolution
system that mimics the physiological conditions of the human gastrointestinal tract. It
enables advanced in vitro testing of drug release and absorption under biorelevant

conditions.

The device enables the optimization of critical parameters, including the speed of the
pumps and the temperature of the fluids. Furthermore, the system allows precise pH

control, ensuring that conditions closely mimic the dynamic environment of the human
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digestive tract. The rotation speed of the stirring paddles is kept constant during
measurement by the operators, thus physiological motility is also modeled (80). This
simulation device offers a robust platform for evaluating the dissolution and absorption

of drugs under conditions that characterize the human digestive system.

1.6.1 Biorelevant medium simulating the stomach

In the fasted state, the simplest dissolution medium is SGF, a pepsin-containing
hydrochloric acid solution with a pH of 1.2. Its surface tension is approximately the same
as that of water. To reduce surface tension and better physiological conditions, surfactants
such as SLS are recommended (4). The pH of the human stomach varies significantly
(1.2-6.4) depending on the individual, nutritional status, and the nature of the food
consumed. In fasted state, gastric fluid pH typically ranges between 1.2 and 2.7 (81-86).
In contrast, in the fed state, the gastric content pH can rise to 3.0-6.4, but the digestive
state and food composition have a significant impact (83, 84). This variability highlights
the importance of simulating appropriate physiological conditions during dissolution
tests.

In 2005, Vertzoni and colleagues introduced FaSSGF, a medium designed to
replicate the physiological composition of fasted state gastric fluid based on physiological
data. FaSSGF with pH 1.6 contains pepsin, bile salts, and lecithin at physiologically
relevant concentrations to achieve in vivo, like surface tension (87).

For fed state simulations, the gastric environment is much more complex than in the
fasted state, as its physicochemical properties continuously evolve due to secretion,
digestion, and gastric emptying. The initial fed state gastric environment can best be
simulated with milk or liquid nutritional products. For these tests, UHT milk (3.5% fat
content) is recommended (75, 78-91). FeSSGF consists of a 1:1 mixture of UHT milk and
acetate buffer, mixed using a magnetic stirrer and adjusted to pH 5.0 with 0.1 N
hydrochloric acid. This medium effectively predicts the effect of food on drug release
from the dosage form and can conclude its impact on bioavailability (92). After eating,
the gastric pH initially increases due to the buffering capacity of the food and, depending
on the composition of the meal, can even reach pH 7.0. Over a few hours, gastric acid
secretion gradually returns the pH to basal levels (83, 93, 94).
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In 2017, Passannanti and colleagues developed a dynamic in vitro digestive system
to mimic infant physiology. This system includes oral, gastric, and small intestinal phases,
and serves to evaluate the digestibility of rice starch and rice cream-based baby foods
(95). Other studies have used cow's and soy-based infant formulas to simulate the gastric
fluid of newborns (96). These advances highlight the accuracy of modeling digestion

across different physiological states and age groups.

1.6.2 Biorelevant medium simulating the small intestine

The medium simulating the small intestine (SIF), a pH 6.8 solution containing
pancreatin, is the simplest representation of the small intestine. SIF is primarily used for
quality control purposes, but is only limitedly applicable for IVIVC, as it cannot reliably
predict the effect of food on drug absorption (94). In the human small intestine, the pH
gradually increases from the duodenum to the jejunum (2, 69, 97, 98). Changes in pH
occur relatively slowly at the beginning of transit (98). In fasted state, the small intestinal
pH typically ranges between 6.0 and 7.2. After eating, however, this pH drops to
approximately 5.0-6.0, as the food mixes with gastric fluids, which transiently acidifies
the neutral environment of the small intestine (73). Upon reaching the colon, the pH
decreases further, stabilizing around 5.0 due to the metabolic activity of colonic bacteria
and the accumulation of short-chain fatty acids (98-100). This pH gradient is critical for
understanding drug dissolution and absorption in different regions of the gastrointestinal
tract.

In 1998, Dressman and colleagues introduced a model medium for measurements
based on physiological data to simulate the fasted state of the small intestine (4, 75).
FaSSIF (pH = 6.5) contains sodium taurocholate and phospholipids in a 4:1 ratio. In 2008,
Jantratid and colleagues refined the formulation, resulting in FaSSIF-V2, which has a
reduced lecithin concentration (from 0.75 mM to 0.2 mM), lower osmolality, and replaces
phosphate buffer with maleate buffer (92).

Using a bicarbonate-based medium in small intestine simulation requires special
attention, as CO: must be bubbled to maintain stable pH, buffer capacity, ionic strength,
and osmolality. To avoid pH instability, phosphate buffers, previously discussed in the
earlier thesis section, are often preferred.
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For fed state simulations, FeSSIF is used to mimic the small intestinal environment
after food intake (4, 75). FeSSIF has a pH of 5.0, with osmolality and buffer capacity
adjusted to in vivo conditions. Compared to FaSSIF, FeSSIF contains higher
concentrations of sodium taurocholate and phospholipids (101).

Jantratid and colleagues further investigated FeSSIF in studies showing slower pH
decline in the jejunum after eating. The updated FeSSIF-V2 includes additional lipolysis
products such as glyceryl monooleate and sodium oleate to better reflect postprandial
states. FeSSIF-V2 is widely recommended for simulating small intestine diseases (92).

To reflect the effect of digestive processes on the fed-state gastric medium, so-called
snapshot media were developed, divided into early, middle, and late phases. These
intestinal fluids represent different compositions at specific times after ingestion (92).
The simulation of infant and neonatal intestinal fluids, as well as available data on small

intestinal transit times, differ significantly from adult values (68, 70).

1.6.3  Biorelevant medium simulating the colon

The colon, although less significant for drug absorption than the small intestine,
offers marked advantages when the drug’s absorption occurs from this region. These
advantages include the long retention time of the dosage form, low enzyme secretion, and
direct systemic delivery that bypasses the hepatic first-pass effect. The initial colonic pH
varies between 4.8 and 7.0, depending on time and the composition of food intake (102).
In 2005, Fotaki and colleagues developed simulated colonic fluid (SCoF — Simulated
Colonic Fluid) (Table 3) with a pH 5.8, reflecting physiological pH values and short-

chain fatty acid concentrations in the colon (103).

Table 3 Composition of simulated colonic fluid

The table summarizes the compositions of simulated colonic fluid.

SCoF
Acetic acid (mM) 170
Sodium hydroxide (mM) 157
pH 5.8
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SCoF
Ionic strength 0.16
Buffer capacity (mmol/l/ApH) 29.1
Osmolality (mOsmol/kg) 295
Transit time (h) ~39

Later, in 2010, Vertzoni and colleagues established simulated media to represent the
physicochemical properties of the colon in both fasted and fed states. Fasted state
simulated colonic fluid (FaSSCoF) contains tris/maleate buffer solution adjusted to pH
7.8, while fed state simulated colonic fluid (FeSSCoF) uses the same components at
varying concentrations, adjusted to pH 6.0. There are significant age-dependent
differences in colonic transit times: in children, this is approximately 17.5 hours, in adults

39 hours, and in the elderly (75-80 years) 66 hours (68, 104).

1.7 Gastroretentive Drug Delivery Systems (GRDDS)

Currently, oral administration of solid drug delivery systems remains one of the most
widespread and widely accepted methods for delivering active pharmaceutical
ingredients (APIs) into the body (105, 106). Solid dosage forms can be highly diverse,
such as powders, granules, pellets, microcapsules, microspheres, films (strip), tablets, and
capsules. During the release of the drug from the dosage form, it must overcome
numerous challenges within the gastrointestinal tract (107). In many cases, conventional
oral dosage forms with standard release profiles show limited bioavailability, partly due
to rapid gastric emptying time (8). For several active molecules, it is beneficial if the drug
remains in the stomach for an extended period. To achieve this, the optimal solution is
the design of gastroretentive drug delivery systems (GRDDS), which has been popular in
formulation research for several decades. This is particularly advantageous for APIs
absorbed in the stomach or the upper part of the intestinal tract, or those that degrade in
the intestines (9-11, 108). Over the past decades, various technological approaches
(floating systems, expandable systems, magnetic systems, superporous hydrogels,
bioadhesive systems, high-density systems) have been developed to prolong the gastric

residence time of the delivery system. These solutions can improve the bioavailability of
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certain APIs. Another advantage is that the API often releases from the carrier at a pre-
designed, slow rate, which helps maintain a more stable blood concentration. As a result,
sudden concentration spikes can be avoided, reducing side effects. Due to the prolonged

effect, patients need to take their medication less frequently, which improves adherence.

1.7.1 Floating systems

One of the most widely studied forms in this group is the floating drug delivery
system, which includes commercially available tablets (e.g., Glucophage XR, Cifran OD,
Oflin OD) and capsules (e.g., Madopar HBS floating systems, Valium CR) (109-111).
These systems are particularly advantageous for APIs that influence physiological
functions of the stomach (for example, antitumor drugs used in gastric cancer treatment)
or those with a limited absorption window in the upper gastrointestinal tract (112-114).

Currently, the pharmaceutical industry continues to rely on traditional compression
methods to produce floating tablets. The manufacture of gastroretentive floating systems
can easily be accomplished by tabletting, using appropriate excipients and optimized
compression parameters (115, 116). The widely used tabletting process in the
pharmaceutical industry is considered a continuous and cost-effective method (117). The
first FDA-approved product (ORKAMBI® (lumacaftor/ivacaftor) from Vertex
Pharmaceuticals), produced by a continuous manufacturing process, was also in tablet
form (118). There are numerous methods available for characterizing tablets and
assessing their compliance with quality requirements, many of which are also included in
pharmacopoeias, such as: uniformity of mass testing, uniformity of active ingredient
content, friability testing, and crushing strength testing. These tests generally require
sampling during the tableting process. Based on a few dozen measurements, predictions
can be made about whether the manufacturing process is functioning properly and
whether modern rotary tablet presses, which produce thousands of tablets per hour, meet
quality standards. However, it is important to note that today’s software and hardware
capabilities allow for the visual inspection of tablets, from which many properties can be
inferred. Imaging is a fast, non-destructive, and cost-effective method that enables the
inspection of all units in a production batch (119, 120). It is likely that GRDDS will soon
be produced using continuous manufacturing, and in such cases, rapid, non-destructive
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techniques like aforementioned VIS imaging-based machine vision will support quality
control.

While traditional tabletting technology continues to play a decisive role, several
modern manufacturing and formulation approaches, such as 3D printing, offer new
possibilities for the development of floating systems. Huanbutta and their team developed
a unique system for floatability. They prepared tablet frameworks of various shapes and
materials (polyvinyl alcohol, acrylonitrile butadiene styrene, and polylactic acid) using
3D FDM printing. The directly compressed API-containing tablets were placed into a
"printlet" containing an air chamber (121).

Low-density gastroretentive systems are drug forms lighter than gastric fluid
(approx. 1.004 g/cm?). For this reason, they do not sink but float on the surface of the
stomach contents. This floating allows the drug to remain in the stomach longer,
providing more time for API absorption. Within this category, there are systems that float
due to gas generation and those that float without it (122). Floating systems include gas-
generating systems (EFT — Effervescent Floating Tablets) (123), non-gas-generating
systems (non-EFT — Non-Effervescent Floating Tablets) (124), and expandable systems.
Expandable systems may operate based on swelling (swelling systems) (125) or may
mechanically unfold (unfolding systems) (126). In addition to these, bioadhesive systems
(127), high-density (sinking) systems (128), superporous hydrogels (129), magnetic
systems (130), and ion-exchange resins (131) can also be mentioned, all of which have

contributed to prolonging the gastric residence time of tablets.

1.8 Artificial Neural Networks (ANN)

Artificial neural networks are computational models that mimic the functioning of
the human brain and are capable of recognizing patterns, classifying data, and making
complex decisions. These networks are mathematical models which consist of nodes
(neurons) that communicate with each other through weighted connections, and these are
simple units of calculation. Neural networks operate through software and implement
using programming languages and machine learning libraries. Artificial neural networks
are composed of three main layers: the input layer, hidden layers, and the output layer.

The input layer receives the data (e.g., molecular features), the hidden layers perform data
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processing, and when multiple hidden layers are present, the network is referred to as a
deep neural network (DNN). Finally, the output layer provides the network’s response,
which can be a class label or a real value. The first step in the operation of artificial neural
networks is the forward propagation of data through the layers, where each neuron
calculates its output. The result from the output layer is then compared to the real value
(target variable). To evaluate the network’s performance, loss functions are used (e.g.,
cross-entropy (CE), root mean squared error (RMSE)), which measure how far the
network’s output deviates from the real value. During training, the errors are
backpropagated through the network, updating the weights accordingly. This process
enables the network to produce increasingly accurate results. Weight updates are typically
performed using gradient-based optimization methods (e.g., scaled conjugate gradient
backpropagation) (132, 133). Artificial neural networks can be applied in various areas
of the pharmaceutical industry, such as optimizing manufacturing processes. For
example, ANNs can be used to model the mechanical properties of tablet compression,
allowing prediction of the final product’s quality, or in the case of floating tablets, to
predict floating behavior (120). Additionally, they can be used for identifying and
optimizing drug candidates, pharmacokinetic and pharmacodynamic modeling, analyzing
clinical trial data, and more. However, a major challenge is the need for large amounts of

reliable data for training.
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2 Objectives

During my research, my first goal was to analyze the effects of different dissolution
media, considering their role in the dynamics of drug release.

Following this, I focused on the significance of gastroretentive floating drug
formulations. The floating ability and its changes over time were monitored during the in
vitro dissolution testing of caffeine-containing floating tablets, providing an opportunity
to explore the relationship between dissolution and floating properties. For this, I aimed
to prepare tablets with identical compositions using direct compression at different
compression forces, intending to determine how tablet hardness influences floating
behavior and the speed of dissolution. To support this, I calculated the density of the
tablets based on their physical parameters (shape, height, mass). During the work,
microscopic images were taken of the tablet surfaces, with the aim of correlating surface
brightness with the hardness of the formulation. The main objective of the investigation
was to be able to predict the floating behavior and dissolution profile of the tablets based
on their physical parameters, as well as using a microscopic image of the formulation.
This method provides a fast, non-destructive procedure suitable for quality control of
floating tablets during changes in the manufacturing process. Subsequently, the various
compressed samples were classified using machine vision based on VIS imaging,
employing a neural network-based program. The samples were categorized both by their
surface properties and their floating characteristics.

In the continuation of my work, I aimed to investigate the applicability of I[CP-OES
combined with an in vitro dissolution testing apparatus. In this experiment, ibuprofen
sodium pellets were used as a model compound with the purpose of simultaneously
determining, in-line, the salt concentration of the active ingredient and the drug's
dissolution profile. Later, the pellets were filled into straws to simulate an innovative

method of administration.
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3 Methods
3.1 Materials

3.1.1 Materials used for testing floating tablets

Caffeine (Molar Chemicals, Budapest, Hungary) was used as the model active
ingredient. Kollidon® SR from BASF SE (Ludwigshafen, Germany) was applied as a
tableting excipient. Isomalt, an official excipient in pharmacopoeias (European
Pharmacopoeia, United States Pharmacopeia), is a water-soluble filler suitable for direct
compression, facilitating improved tablet ability and loosening the polymer matrix in
water. It was supplied by the manufacturer (BENEO-Palatinit GmbH, Offstein, Germany)
in agglomerated spherical particle form (galenlQ™ 721). Magnesium stearate was
sourced from Molar Chemicals (Budapest, Hungary). Purified water used for
measurements (18.2 MQ cm, 25 °C) came from an ELGA PURELAB Ultra water
purification system. Standard solutions and the buffer were prepared in volumetric flasks
marked “A.” For the pH 1.2 medium, hydrogen chloride (HCI) (Molar Chemicals Ltd.)
was used.

The 330 mg (adjusted mass) tablets contained 24.50% w/w caffeine as the model
active ingredient. In addition to the active ingredient, the formulation included the
following excipients: 62.50% w/w Kollidon® SR polymer as a matrix retarding agent,
12.00% w/w isomalt as a water-soluble filler, and 1,00% w/w Mg-stearate as a lubricant.
A laboratory-scale V-blender (Xinxiang Chenwei Machinery Co., Ltd.; China) was used
to prepare a 300 g homogeneous powder mixture. Homogenization was carried out at 40
rpm for 30 minutes under the specified parameters. The homogeneous tableting premix
was directly compressed using an eccentric tableting machine at six different compression
forces (Fette Exacta 1, Fette Compacting GmbH, Schwarzenbek, Germany). Round, flat,
without break line tablets with a diameter of 10 mm and an average mass of 330 mg were

produced.

3.1.2 Use of medicated straws for simulation studies
Pellets containing ibuprofen sodium (Sigma Aldrich; India) were used as the model
compound. Subsequently, the straws were prepared as an innovative dosage form using

pellets. The pharmacopoeia does not provide specific methods for testing pharmaceutical
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straws; however, several research groups have studied these dosage forms (134, 135).
Precisely weighed 1000 mg of pellets were filled into transparent PP-based straws (19 cm
high, 0.9 cm diameter; VitaSip Ltd., Hungary) and sealed with a custom-made straw-

sealing machine.

3.2. Methods
3.2.1 Investigation of gastroretentive dosage forms
Uniformity of mass

The mass uniformity of the manufactured caffeine tablets was determined by
weighing 20 tablets on an analytical balance (Kern ABJ-NM/ABS-N, Kern&Sohn
GmbH, Germany). The uncoated tablets weighed 330 mg, and according to
pharmacopoeial requirements, no more than 2 out of the 20 individually weighed tablets

may deviate from the average weight by more than + 5%, and none may deviate more

than % 10% (136).

Crushing strength
The resistance to crushing (N) of the tablets was determined using an Erweka
breaking force measuring device (Erweka GmbH, Germany). Ten tablets were tested, and

results were presented as the average and corresponding standard deviations.

Friability

Friability was assessed with an Erweka friability tester (Offenbach/Main, Germany).
During the test, the drum was rotated at a speed of 25 rpm for 4 minutes with 20 tablets.
The weight of the tablets was measured before and after the test, dust-free, on an
analytical balance (Kern ABJ-NM/ABS-N, Kern&Sohn GmbH, Germany). According to
the pharmacopoeial requirements, the maximum weight loss during the friability test

should not exceed 1% (137).

High and calculated density of tablets
Tablet heights (thickness) were analyzed using images taken with a digital
microscope (Keyence VHX-970F; Keyence Corp., Osaka, Japan), with analysis

performed using Image] software (Wayne Rasband, National Institute of Health, USA).
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Considering the tablet height, shape (round, flat, diameter: 10 mm), and weight, the tablet

densities were determined according to the 5™ equation:

_ _m@
p - V(Cm3) (5)

where m is tablet weight and ¥ is the tablet volume.
To calculate the volume of the tablets (Equation 6), I used the radius » and height 4
of the tablets:

V=12xmxh (6)

Content uniformity

To determine content uniformity, 10 dosage units were individually measured in all
cases. Each of the 10 tablets were placed in a 100 ml flask, filled with solvent (purified
water adjusted to pH 1,2 using cc. HCI) and stirred for 60 minutes with a magnetic stirrer
at 600 rpm. It was then homogenized and centrifuged at 4000 rpm for 10 minutes. Mixing
was performed with a MIX 15 eco 2 core magnetic stirrer, and centrifugation with a
Thermo Science Megafuge 16 centrifuge. Finally, each sample was diluted with the
solvent to a concentration of 100 pg/ml. Solutions were detected at 273 nm with a Thermo

Scientific UV spectrophotometer.

In vitro dissolution test

The dissolution test—according to the 11th European Pharmacopoeia, method 2.9.3
(Dissolution test for solid dosage forms)—was performed using a paddle apparatus
(Varian VK 7025 type), with offline UV spectrophotometry (Mettler Toledo UV7, serial
no.: B951794301) (47). The dissolution method parameters were: 900 ml pH 1.2 HCI
(degassed purified water adjusted to pH 1.2 using cc. HCl), 75 rpm, normal vessel, 10 um
sampling filter. The volume of collected sample was 2 ml. The medium temperature was
37.0+0.5 °C. Sampling times were 15, 30, 60, 90, 120, 240, and 360 minutes. After
sampling, the samples were diluted with the medium to a concentration of 100 pug/ml.
Detection was performed in a 10 mm cuvette at 273 nm. The dissolution test was

performed on three parallel samples.
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Evaluation of floatability by machine vision

During the dissolution test, images were taken at the sampling points with an
Olympus OM-D E-M10 Mark II camera (Olympus Corp., Tokyo, Japan). The camera
position remained unchanged throughout the experiments. Image processing and analysis
were performed using MATLAB R2020a software (MathWorks, Natick, MA, USA).
After importing the images, the next step was background removal to define the regions
containing the dissolution vessel. Afterwards, binarization was performed using the B
(blue) component. In the next step of preprocessing, the stirrer also had to be removed
from the binary image to prevent interference with the program's recognition. This was
followed by selecting the sample using a bounding box. Before measurements, the length
of the dissolution vessel in pixels was determined using the images taken. The vertical
position of the sample in the vessel at each sampling point was then calculated as a

percentage.

Microscopic imaging

The setup for imaging was previously published by Mészaros et al. (119). A Canon
650D DSLR camera and a Canon EFS 18-55 mm objective (Canon Inc., Tokyo, Japan)
was used. The objective was to be attached to the camera body with a reversing ring. The
camera was connected to a laptop with a USB 3.0 interface. For imaging, illumination
was provided by a ring lamp equipped with three rows of light-emitting diodes
(Apokromat Kft, Budapest, Hungary). To eliminate ambient light intrusion, imaging was
performed in a black box. With this arrangement, both sides of the samples could be

examined, resulting in a total of 360 images.

Classification of samples using VIS imaging-based machine vision

Image processing and analysis were performed with MATLAB R2020a software
(MathWorks, Natick, MA, USA). The Wavelet Toolbox 5.4 (MathWorks, Natick, MA,
USA) enabled multivariate wavelet texture analysis (MWTA) on the samples.
Classification relied on pattern recognition neural networks using the Deep Learning
Toolbox 14.0 (MathWorks, Natick, MA, USA). The K-nearest neighbor classification

method was implemented using Statistics and Machine Learning Toolbox 11.7.
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Imported images were resized by 50% to optimize algorithm runtime. Images were
binarized on the R (red) component, and Hough transformation was used to identify the
required area (the sample) and remove the background. This was followed by enhancing
contrast and brightness to highlight surface structuring.

Further steps required the use of the G (green) component and two types of wavelets.
MWTA enabled examination of the tablet surface and the creation of the input dataset for
classification based on crushing strength and floatability. By using MWTA, the applied
wavelet processes the image as a signal and generates scaled and shifted versions of the
original wavelet (119). Single-level wavelet decomposition was carried out in two steps.
Initially, the Daubechies2 wavelet was applied, followed by a second and third sequential
decomposition using Meyer filters. Then, histograms were generated from the resulting
approximation coefficients.

To optimize the pattern recognition neural networks, the number of neurons in the
hidden layer was adjusted between 1 and 10. The softmax transfer function was applied
in the output layer and scaled conjugate gradient backpropagation enabled the
measurement during training. The end of the training process was determined by reaching
the preset number of validation checks. For each tablet produced at different compression
forces, 70% of the samples constituted the training set, 15% validation, and 15% test set.
The classes were assigned in a target matrix according to the measured values of crushing
strength or floatability. Network performance was evaluated by cross-entropy and root
mean squared error, with confusion matrixes also being significant. Samples could also
be classified based on their floatability using the height. For this task, a K-nearest
neighbors classifier method was important, applying Euclidean distance to classify
samples into three classes. For this, data were split so that 70% of the samples were

assigned to the training set, and 30% to the test set.

3.2.2 Application of ICP-Oes in in vitro dissolution test

The dissolution profile of ibuprofen sodium pellets was examined using a Hanson
Vision Elite 8 apparatus (Hanson Research, USA) with the paddle method. The test was
conducted in 900 ml of purified water at 37 + 0.5 °C. Additional dissolution parameters:

75 rpm, normal vessel. The concentration of the released active ingredient was
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determined with an in situ Pion Rainbow fiber optic spectrophotometer (Pion Inc., USA)
equipped with a head fitted with a 5 mm probe. Absorbance was detected at 273 nm (138)
(Figure 6).

In vitro dissolution
apparatus
—-—

ICP-OES

Plasma

cong |
ﬁ Spectrophotometer
Nebulizer

Spray chamber i

Argon in — —_—
[ ——— ]
Peristaltic Drug loaded
pump pellets

Figure 6 Dissolution testing of ibuprofen sodium pellets and determination of sodium
concentration (own figure, 72)
The image shows a connected system designed to illustrate the simultaneous application
of ICP-OES and Apparatus I dissolution testing, where ibuprofen sodium is dissolved
and both the sodium salt concentration and the active ingredient content are measured

at the same time.
To determine the sodium concentration, a Spectro Genesis inductively coupled

plasma optical emission spectrometer (ICP-OES) (Spectro Anal. Ins. GmbH; Germany)

was used with the parameters listed in Table 4.
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Table 4 ICP-OES setup parameters (72)
The table summarizes the parameters and the settings of the ICP-OES which were used

for the measurement.

Parameters Settings

Radio frequency power 1350 W
Auxiliary Ar flow rate 0.80 1/min
Pneumatic nebulizer Ar flow rate 0.85 I/min

Pump speed 2 Step

Wavelengths 589.59 nm
Coolant flow 0.80 I/min
Light tube 0.90 I/min
Optic flush 1.00 1/min

Optic temperature

2991 °C (29.0-31.0 °C)

Osc. exhaust

222.2 Imp/s (min 170.0)

Osc. impedance 5875 Ohms
HVPS current 583 mA
HVPS voltage 3425V

Flow optic flush 1.00 L/min
Flow light tube 0.90 L/min (0.8 - 1.8)

Nebulizer pressure 2.48 bar (2.0 - 4.0)

Main Ar pressure

7.01 bar (6.0 - 8.0)

To simulate oral administration, a medicated straw was used, which was placed in
250 ml of purified water. The liquid was drawn through the straw by a peristaltic pump
(Locost Kft., Tiszaalpar, Hungary) into 250 ml of hydrochloric acid medium (pH 1.2
(degassed purified water adjusted to pH 1.2 using cc. HCI); 374+0.5 °C) at a pump flow
rate of 15.6 Hz for 5 minutes to mimic gastric conditions. The concentration of ibuprofen
and sodium was determined using the same instruments and settings as those employed

for the analysis of pellet release in this medium (Figure 7).
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Figure 7 Simulation of liquid administration through a medicated straw. (own

figure, 72)

The image simulates a new drug administration method using a pump to circulate

the medium through a medicated straw. The aim is to simultaneously determine the

salt concentration with ICP-OES and the active ingredient content.
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4 Results

4.1 In vitro dissolution and floatability of the floating tablets

4.1.1 Physical properties and content uniformity of the tablets

For the study, caffeine-containing gastroretentive floating tablets were prepared by
direct compression (DC) using six different compression forces (10N=T/I, 30N=T/II,
45N=T/III, 75N=T/IV, 100N=T/V, 170N=T/VI). The tablet formulations contained
significant amounts of direct compression excipients (Kollidon® SR and galenlQ™ 721),
which have been successfully used in direct compression according to several previous
publications (139, 140). According to the method of the 11th European Pharmacopoeia
2.9.5. (141), the tablets complied, as their average individual weight (n = 20) fell within
the acceptable range (313.50-346.50 mg). As expected, increasing the compression force
during production improved the mechanical properties of the tablets. Harder tablets
exhibited higher crushing strength, and except for T/I and T/II, all met the requirements
of the European Pharmacopoeia (2.9.7.), being characterized by friability values below
1% (137). The magnitude of the applied compression force also influenced the density of
the tablets. Table 5 clearly shows that as the compression force increased, so did the

density of the tablets.

Table 5 Physical properties of the tablets (mean £ SD, n.a: not acceptable) (120).
The table summarizes the individual mass (mg), tensile strength (N), friability (%), tablet

height (mm), density (g/cm’) and drug content of the tablets with different crushing

strength.
Individual Tensile Tablet Drug
Friability Density
mass strength height content
(%) (g/em’)
(mg) ™) (mm) (o)
T/ 3357£22 13.0£25 n.a. (6.53) 4.93 0.87 90.4+1.3
TAL | 3288+1.6 44.5+3.2 n.a. (1.20) 4.42 0.95 89.9+1.7
TAL | 333.6+1.8 652+3.5 0.88 4.25 1.00 89.7+ 1.1
TAV. | 333.5+2.6 95.0+6.6 0.52 4.02 1.06 89.5+0.9
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Individual Tensile Tablet Drug
Friability Density

mass strength height content
(%) (g/em’)
(mg) ™) (mm) (“o)
T/vV. | 331.0£2.0 127.3+9.7 0.17 391 1.08 87.1+1.7
T/VL. | 337.0+6.6 204.0+13.6 0.03 3.70 1.16 929+39

The tablets produced with the lowest compression force had a density of 0.87 g/cm?,
while those made with the highest compression force had a density of 1.16 g/cm?.
Previous publications indicate that the buoyancy threshold for tablets is around 1 g/cm?
(8). Of my model tablets, 3 samples (T/IV., T/V., T/V1.) were outside this threshold.

According to the results of the caffeine content determination, the active ingredient
content was satisfactory in all cases among the tablets compressed with different forces.
The content uniformity for the different strength tablets I measured was 87.1-92.9%,
summarized in Table 5. The results show that the tableting premix was homogeneous and
all test samples complied with the pharmacopoeial requirements for content uniformity

(136).

4.1.2 In vitro drug release and determination of floatability by machine vision

As a matrix-forming excipient, Kollidon® SR was used for preparing the
gastroretentive floating tablets, consisting of approximately 450,000 molecular weight,
80% water-insoluble poly(vinyl acetate) and 19% water-soluble poly(vinyl pyrrolidone).
This excipient has also been used successfully in floating tablet formulations in several
previous publications (142-145). According to Figure 8, it can be observed that the release
of the active ingredient from the floating system did not occur 100% in all cases. The
release of the active ingredient from the tablets with higher compression force occurred
at a slower rate. This is demonstrated by the fact that with the highest compression force
(170N), about 40% of the active substance was released in six hours, while with the lowest
compression force (10N), about 80% dissolved at the same time. It was also observed

during dissolution that the tablets swelled upon contact with the medium.
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Figure 8 Dissolution profiles of tablets produced with various compression forces
(mean = SD; n=3) (own figure, 120)
The image shows dissolution profiles of six tablets prepared with different compression
forces (T/.=10N, T/I1.=30N, T/II.=45N, T/IV.=75N, T/V.=100N, T/VI.=170N). The
dissolution rates vary according to their floatability, with more floatable tablets

exhibiting faster drug release.

During the in vitro drug release study, I recorded the position of the tablets in the
floating systems using a camera. With the help of the recorded images, I determined the
position of the tablets in the medium using machine vision. Figure 9 illustrates the
captured images and the machine vision process, showing the tablets’ positions in the
dissolution medium. The results of the image analysis related to floating properties are

summarized in Table 6.
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Figure 9 Assessment of floating by machine vision (own figure, 120).
The image illustrates the evaluation of tablet flotation using machine vision technology.
The analysis is based on an original image, which helps to determine the position of the
tablet in the dissolution medium, allowing for real-time evaluation of the flotation

behavior.
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Table 6 Floating capacity of the prepared tablets (%, mean = SD) (14)
The tablet summarizes the different floating capacity of the tablets with different crushing

strengths for 360 minutes.

Time
(minute) T/ T/ T/IL T/TV. T/V. T/VIL.

0 98.1+1.1 95.0£1.5 94.4+0.8 8.1+1.6 94+24 5.0+0.7
15 98.7+£2.0 96.0 £ 0.7 953+2.8 9.6+£0.8 169+7.1 6.2+1.7
30 96.8+1.2 949+0.7 946+1.5 11.2+14 145+49 48+0.2
60 98.5+1.1 953+1.2 93.0+0.8 171£8.0 | 67.2+£273 59+1.5
120 98.2+0.8 98.0£0.7 97.8+25 | 348+257 | 86.4+12.8 57+1.0
240 98.1+£0.9 95.7+£0.6 949+1.9 90.4+52 92.1+43 10.5+0.7
360 99.3+0.6 98.0+0.4 96.6 £ 2.8 96.4+3.5 97.0+2.7 10.4+0.7

The results show that tablets prepared with low compression force (T/I, T/II, and
T/III) remained in the upper region of the medium throughout almost the entire duration
of the test. In contrast, the T/IV tablet, produced with higher compression force, showed
movement during the first hour of the active ingredient dissolution study, floated in the
medium, and then surfaced at the 6th hour. T/V behaved similarly to T/IV, while the T/VI
tablet, manufactured with the highest compression force, remained practically stationary
at the bottom of the vessel during the dissolution test.

Images of the sample surfaces produced with different crushing strengths are
shown in Figure 10. Regions of varying shades appear on the surface, resulting from the
different components in the sample compositions. However, these factors did not
influence the classification of the samples. This was caused by the combination of
caffeine as the active ingredient and specific excipients. Slight differences in surface
texture appeared from 10N to 45N and from 75N to 170N. Subtle differences, visible
even to the naked eye, can be observed among the samples shown in Figure 10. Analysis
of surface texture, as applied in earlier publications by Mészaros et al., allows for the

detection of the crushing strength and compression force of the samples. As a result, the
45



evaluation of compression dependent parameters can be indirectly performed by
analyzing surface texture using VIS images (135). Consequently, the machine vision-
based approach may be suitable for assessing the floatability of the samples. Based on the

observations mentioned, the classification of these samples can still be challenging.

1mm - 1mm it
Figure 10 VIS images recorded of T/I, T/IV, and T/VI samples (120)
VIS images recorded of T/I, T/IV, and T/VI samples, showing visual differences in tablet

surface and structure. These images support the evaluation of formulation

characteristics and potential correlations with dissolution behavior.

4.1.3. Classification based on crushing strength and floatability

Image processing algorithms and neural networks were used to classify the samples
according to their crushing strength and floatability. The input dataset was created solely
from the captured images. By using the measured crushing strength values, the target
classes could be defined, resulting in six applied classes. The classification task became
complicated due to the large number of groups and minimal surface differences. The
summary of the test set’s cross-entropy (CE) and relative mean squared error (RMSE)
values during the optimization process is presented in Figure 11. The various confusion

matrixes obtained are shown in Figure 12.
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Figure 11 The obtained average error (%), cross-entropy, and test set RMSE
throughout the entire optimization process for classification based on crushing strength
(120)

The image presents the obtained averaged error (%), cross-entropy, and test set RMSE
throughout the entire optimization process for classification based on tablet crushing
strength. The visualization highlights how the model converges over time and how well
it distinguishes between different compression levels, supporting the development of

robust classification algorithms for pharmaceutical applications.
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Figure 12 The obtained training, validation, and test matrixes for classification based
on crushing strength (120)
The image shows the obtained training, validation, and test matrices used for
classification based on tablet crushing strength. These datasets form the foundation of
the machine learning workflow, enabling model training, performance evaluation, and

generalization assessment across different compression levels.

Considering the percentage of samples classified into incorrect categories as well as
the CE and RMSE values, the dataset generated from the images can be used to train a
Probabilistic Recurrent Neural Network (PRNN). In the hidden layer, 15 neurons were
selected, which resulted in low CE and RMSE values. According to the confusion
matrixes, only 1 sample from the training set and 3-3 samples from the validation and test
sets were misclassified. The aforementioned 7 misclassified samples accounted for
roughly 2% of the total dataset. The proportion of misclassified samples in the test set

was about 6%. The results indicate that machine vision based on the visible spectrum,
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combined with pattern recognition neural networks, can be used to classify these samples
according to crushing strength.

The machine vision system is also potentially capable of classifying the floatability
of the prepared samples based on the goodness parameters mentioned. After optimization,
the PRNN’s hidden layer consisted of 13 neurons (Figure 13). In the matrixes (Figure
14), it was established that only two samples in the test set were assigned to incorrect
categories, which resulted in a 0.6% error rate for the entire dataset. Within the test set,
the proportion of misclassified samples was about 3%. Based on these results, VIS-based
machine vision combined with pattern recognition neural networks can be utilized for

classifying these samples according to their floating properties.
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Figure 13 The obtained average error (%), cross-entropy, and test set RMSE
throughout the entire optimization process for classification based on floatability (120)
The image presents the obtained average error (%), cross-entropy, and test set RMSE
throughout the optimization process for classification based on tablet floatability. These
metrics provide insight into the model’s learning dynamics and its ability to accurately
distinguish between different floating behaviors, supporting the development of

predictive tools for formulation performance.
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Figure 14 The obtained training, validation, and test matrixes for classification based
on floatability (120)
The training, validation, and test matrices datasets enable the development and
evaluation of machine learning models that aim to distinguish between different floating

behaviors, supporting predictive formulation design.

The classification based on the input dataset created from the measured heights of
the samples was performed using K-nearest neighbor classifier. The measured height
values are illustrated in Figure 15. Based on this, four groups can be observed, comprising
the 10 N (T/T), 30-45 N (T/II), 75-100 N (T/III), and 170 N (T/V) samples. By applying
height as a variable, it becomes possible to develop a model capable of classifying
samples according to their floating properties. The matrixes obtained based on the
measured heights used as input data are shown in Figure 16. Of the test set samples, 100%

were assigned to the correct class, while the training set achieved a value of 98.4%.
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Figure 15 The measured height of the samples (120)
The image shows the measured height of the tablet samples with artificial neural

networks, providing insight into their physical dimensions and potential correlations

with compression force and floatability.
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Figure 16 The obtained confusion matrixes based on floatability (120)
The images show the obtained confusion matrices for training and test sets in the
classification task based on tablet floatability. These matrices visualize the model’s
ability to correctly identify floatable and non-floatable tablets, providing insight into

classification accuracy and potential misclassifications across different data subsets.
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Prediction accuracy of floating properties was approximately 100%, comparing the
results of models based on measured height and imaging-based models. Ultimately, both

approaches can be used to predict the special value.

4.2 Applicability of ICP-OES in in vitro drug release studies

As amodel formulation, I used ibuprofen sodium-containing pellets. Since the pellets
did not have any film coating, the solubility of the active ingredient in the medium
determined the drug release profile. The results show that both measurement methods
provided similar outcomes for immediate-release pellets (Figures 17 and 18). It is clearly

visible that with both methods, more than 85% dissolution was observed after just one

minute.
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Figure 17 Measurement of Na™ dissolution with an ICP-OES device (own figure, 72)
ICP-OES can detect trace elements with high precision and this image shows the
release of sodium salt from ibuprofen sodium, which was monitored using an ICP-OES

device.
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Figure 18 Measurement of ibuprofen dissolution using fiber optic UV spectroscopy
(own figure, 72)
The ibuprofen-sodium is an immediate release (IR) tablet which dissolves rapidly, as

reflected in this figure with Apparatus I1.

To simulate oral drug administration, I applied for an innovative dosage form. To
ensure that the experimental conditions closely resemble the processes occurring in the
human body, I used a peristaltic pump to mimic the continuous flow rate found in the
stomach, as well as the temporal changes in pH conditions. For the examination, the
pellets were loaded into medicated straws through which the appropriate medium was
circulated. Based on the results, it can be concluded that both ICP-OES in situ sample
probing (Figure 19) and the In-Situ Fiber Optic UV System (Figure 20) are equally
effective methods for determining salt concentration and active ingredient content from

innovative dosage forms, such as medicated straws.
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Figure 19 Measurement of Na* concentration in medicated straws using an ICP-OES
device (own figure, 72)
The image demonstrates the applicability of ICP-OES for determining Na*
concentration during an innovative drug administration method using a medicated

straw.
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Figure 20 Measurement of ibuprofen content in pellets loaded into straws using fiber
optic UV spectroscopy (own figure, 72)
The ibuprofen-sodium is an immediate release (IR) tablet which dissolves rapidly, as

reflected in this figure using medicated straws.
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5 Discussion

5.1 In vitro dissolution and floatability of floating tablets

5.1.1 Physical properties and content uniformity of tablets

To determine whether the compression force used during tableting affects crushing
strength and floatability, I first prepared floating tablets using six different compression
forces. To ensure a homogeneous powder blend for direct compression, I used Kollidon®
SR and galenIQ™ 721 as excipients. My results also confirm the appropriate choice of
excipients, as the tablets produced had suitable individual masses. As expected,
increasing the compression force during tablet production increased the mechanical
resistance as well as the density values. This is due to the fact that applying greater
compression decreases the distance between solid particles, sometimes even causing
fragmentation, so the particles are more densely placed in the tablet, increasing
mechanical strength. As a result, the tablet compresses, its volume decreases, and its
density increases. Furthermore, greater compression force reduces the porosity of the
tablet, which also affects the dissolution profile. Content uniformity was not influenced
by the varying compression force, as results always met requirements. This further

confirms that my tablets were homogeneous.

5.1.2 In vitro drug release and determination of floatability by machine vision

To investigate the drug release profile and floating properties of the floating tablets,
I used the Kollidon®

SR excipient system for tablet preparation, which possesses properties that influence
floatability. It should be noted that physical parameters of the measured drug delivery
system, such as tablet density and weight discussed in the previous section, may change
upon contact with water. Kollidon® SR-based matrix tablets swell when in contact with
water. The water-soluble components of the tablet (isomalt, povidone, API) dissolve,
creating new pores in the water-insoluble poly(vinyl acetate) matrix. I determined drug
release using in vitro dissolution testing and observed the tablets' floatability. Dissolution
studies clearly showed that drug release was slower from tablets made with higher
compression force. This is because increased compression reduces tablet porosity and,

thus, decreases the rate of drug release.

58



During dissolution, tablets made with different compression forces floated and
swelled differently in the dissolution medium. The tablet with the lowest calculated
density (0.87 g/cm?) floated on the surface from the beginning, while the one with the
highest density (1.16 g/cm?) remained at the bottom throughout. The others, being close
to 1.0 g/cm?, showed continuous movement within the medium. I precisely determined
the tablets' position using image analysis.

Microscopic images were taken of the surfaces of tablets with different crushing
strengths to enable their classification using artificial neural networks based on surface
characteristics. The minor differences were caused by the API and specific excipients,
which did not interfere with classification. Furthermore, this machine vision-based
approach is suitable for predicting floatability, representing a fast, non-destructive
method that can be used as a quality control step during manufacturing. Based on these

findings, tablets with inadequate floatability can likely to be detected during production.

5.1.3 Classification based on crushing strength and floatability

Images were taken at specific time points during dissolution test, and these were used
in imaging algorithms to assess the crushing strength and floatability of tablets made with
different compression forces. Target classes had to be defined for classification, first
according to crushing strength, for which there were six classes. Followed by three classes
for floatability. According to the obtained confusion matrices, the misclassification rate
was about 6% for crushing strength and only about 3% for floatability in the entire test
set. These results demonstrate that the samples were successfully classified based on
crushing strength and floatability using machine vision under visible illumination and
pattern recognition neural networks.

When height was introduced as a new input, a model was created that could classify
samples by floating properties. This method achieved approximately 100% prediction

accuracy. Thus, either method can be used to predict the particular value.

5.2 Applicability of ICP-OES in in vitro drug release studies
In these experiments, I used immediate-release ibuprofen sodium pellet cores.

Ibuprofen sodium (IBUNa) is a more soluble form than conventional ibuprofen, leading
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to faster absorption and thus more rapid analgesic. To allow faster analgesic, new IBU
preparations are designed to dissolve more easily in the stomach's acidic environment.

As it contains sodium salt, it was an ideal model compound to simultaneously
determine both the active ingredient and its sodium salt using a dissolution apparatus and
a highly sensitive ICP-OES instrument. My experiments achieved nearly identical results
with both devices, indicating that ICP-OES and the fiber optic spectrophotometer are both
effective in in vitro dissolution studies.

Additionally, to simulate drug administration, I used medicated straws. To better
represent human physiology, I simulated continuous fluid flow rate and pH changes with
a peristaltic pump. Pellets were loaded into the straws, and the appropriate medium was
circulated through them. Based on my results, the method proved successful: both salt
concentration and active ingredient content can be measured even through this innovative

dosage form.
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6 Conclusions

In the first part of my work, I analyzed the effect of various dissolution media on
drug release. Subsequently, I focused on the significance and investigation of
gastroretentive floating dosage forms. I used caffeine-containing floating tablets for in
vitro dissolution studies, during which I examined their floatability and its temporal
evolution to establish a relationship between drug release and floating properties. To this
end, I first prepared tablets with equal composition but six different compression forces
using direct compression, from which I concluded the floatability and dissolution rate
based on hardness. Dissolution profiles support the theory that drug release is slower at
higher compression forces. I thoroughly examined the tablets’ physical parameters and
calculated their density from available data (shape, height, weight), which supported the
floatability and the slopes of the dissolution profiles. Microscopic images were taken of
tablets with various crushing strengths, finding a correlation between surface gloss and
hardness. During dissolution, I paid special attention not only to conventional
pharmacopoeial tablet tests, but also to employing advanced image analysis techniques
to observe the floating behavior of dosage forms, enabling precise tracking and prediction
of floatability. For this, microscopic images of the tablets' surfaces and heights (thickness)
were analyzed, beyond traditional tests (weight uniformity, crushing strength,
disintegration, density), to uncover their floatability. The machine vision-based analysis
demonstrated its suitability for predicting floatability, providing a rapid, non-destructive
method applicable as a quality control step during manufacturing. Tablets with inadequate
floating properties can thus be efficiently identified. For image data analysis, advanced
image processing algorithms and artificial neural networks were used to classify and
organize tablets by hardness and floatability. For classification, six classes were
established based on measured crushing strengths, and three classes for floating
evaluation. Successful application of the VIS imaging method was achieved, combined
with pattern recognition neural networks, enabling precise classification of floating
tablets according to their floatability. Additionally, the prediction accuracy of floating
behavior was about 100% when a new model including height as an input was created.

The results show that this combined approach offers a highly effective and rapid method
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for examining tablet surfaces, enabling not only fast and non-destructive digital imaging,
but also providing insights into mechanical and physical properties such as crushing
strength and floating characteristics. In conclusion, this approach could enable faster and
more reliable assessment of pharmaceutical formulation quality in the future, without
causing any adverse effects in the samples. Its widespread application may contribute to
the advancement of the pharmaceutical industry and the optimization of dosage forms.

The next phase of my work focused on studying the applicability of ICP-OES in
conjunction with in vitro drug release studies, as this method holds remarkable potential
for ensuring the safety and efficacy of pharmaceutical preparations. Qualitative and
quantitative determination is critical for proper drug manufacturing and application, and
the high sensitivity of ICP-OES enables precise measurement results. For the
experiments, I prepared immediate-release ibuprofen sodium pellet cores, determining
drug release and sodium concentration. The experiments and results indicate that ICP-
OES and fiber optic UV spectroscopy provided similar results in in vitro dissolution,
supporting the reliability and applicability of both methods. The similarity in outcomes
confirms that ICP-OES successfully determines salt concentration and offers a well-
applicable technique alongside traditional dissolution testing methods.

In further experiments, ibuprofen sodium pellet cores were loaded into straws to
simulate an innovative drug administration possibility. A peristaltic pump was used to
simulate continuous flow rate and pH changes, creating more biorelevant conditions that
better model the environment of the human digestive system. This approach represents
an important advance in simulating human conditions and may help better understand the
release mechanisms of dosage forms. Using this experimental method, it was
demonstrated that both ICP-OES in line sampling and in situ fiber optic UV spectroscopy
are effective for testing even innovative dosage forms. The results confirm that these
methods are not only highly precise but also applicable under more biorelevant
conditions, thus contributing to the development and deeper understanding of
pharmaceutical preparations. The research suggests that these techniques offer significant
potential for pharmaceutical development and could further contribute to quality control

and development processes in the pharmaceutical industry.
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7 Summary

During my research, one of my main objectives was to explore the application of
a rapid and non-destructive method capable of predicting the buoyancy properties of
tablets. To achieve this, I first examined the effect of various dissolution media on drug
release. Subsequently, I investigated gastroretentive floating drug delivery systems using
in vitro dissolution studies to monitor their floating behavior and its progression over
time. For this purpose, I prepared directly compressed caffeine-containing tablets with
identical composition but using different compression forces. Based on the hardness of
these tablets, I inferred their floating characteristics and drug release rates.

I calculated the density of the tablets using their physical parameters - shape,
height, and weight - to support their influence on buoyancy. Microscopic images of the
tablet surfaces were also taken, and I correlated surface gloss with tablet hardness. My
research demonstrated that, in addition to determining physical parameters, microscopic
imaging can be used to predict the buoyancy of floating tablets. Consequently, the
dissolution profile may also be predicted. The procedure is fast, non-destructive, and may
be suitable for quality control of floating tablets, through which tablets with altered
floating properties resulting from manufacturing deviations can likely be detected.
Furthermore, image processing algorithms and artificial neural networks were employed
to classify the tablets based on their hardness and buoyancy.

The next phase of my work focused on evaluating the applicability of ICP-OES
in combination with in vitro drug release testing. In this experiment, I prepared
immediate-release ibuprofen sodium pellet cores as a model compound and
simultaneously determined drug release and sodium concentration in-line. The results
confirmed that both methods yielded comparable outcomes. Additionally, I successfully
simulated an innovative drug delivery approach using pellets loaded into a straw. To
mimic continuous flow and dynamic pH changes, a peristaltic pump was used, creating

more biorelevant conditions.
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