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ABSTRACT

Recently, interest in floating systems for gastroretentive purposes has 
considerably increased. These systems float in the stomach and provide 
controlled and prolonged release of the active substance from the dosage form. 
This study aims to prepare and characterize hydrogel gelispheres using sodium 
carboxymethyl cellulose. Ampicillin sodium, a broad-spectrum antibiotic, was 
used as a model drug. Within the scope of the characterization study, drug 
content, buoyancy, morphology, size, swelling, and release were evaluated. In 
addition, instrumental evaluation was performed with FTIR, XRD, and BET 
analysis. All gelispheres had a spherical structure, and different drug contents 
were found. Additionally, all formulations floated for 24 hours. The G7 
formulation, which had a very high drug content and swelling ratio, provided 
extended release of ampicillin sodium. No interaction was observed with FTIR 
analysis and XRD analysis showed that ampicillin sodium was amorphous. As 
a result of the BET analysis, the G7 formulation in the mesoporous structure 
was shown to have a very small pore diameter. Overall, the gelispheres 
were successfully prepared and characterized. However, in the future, its 
effectiveness should be investigated in more detail by conducting further in 
vivo studies.
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INTRODUCTION

Polysaccharides are biodegradable, biocompatible, and low immunogenic 
polymers found in all living organisms. These polymers consist of long chains of 
monosaccharides covalently linked by glycosidic bonds and undergo hydrolysis1. 
Cellulose (C6H10O5)n is a stable, water-insoluble fibrous polysaccharide 
consisting of straight D-glucopyranose units linked by β-(1-4)-glycosidic 
bonds. The drug loading ability of natural cellulose is significantly low, and 
therefore modified cellulose with improved properties is used as a carrier in 
drug delivery systems2. Cellulose derivatives such as carboxymethyl cellulose, 
methyl cellulose, and ethyl cellulose are frequently used in topical, oral, and 
injectable formulations. These forms of cellulose are often used because of their 
inertness and excellent biocompatibility with the human body3.

Hydrophilic polymers can absorb water without swelling or dissolving thanks 
to chemical or physical interactions between macromolecular chains. Swelling 
is observed in aqueous solvents until the thermodynamic swelling force in 
polymer networks, arising from cross-links, is completely balanced by the 
retraction force. This “solid-like solution” in which the polymer and water are 
in equilibrium is called hydrogel. Hydrogels have a three-dimensional network 
structure due to their hydrophilic polymer chains4,5. Biopolymer-based 
hydrogels are mainly derived from plant and/or animal sources or celluloses such 
as cellulose acetate, hydroxypropyl methylcellulose phthalate, methylcellulose, 
ethyl cellulose, and sodium carboxymethyl cellulose (NaCMC)5. NaCMC, the 
only polyelectrolyte among these cellulose derivatives, is a “smart” polymer 
sensitive to changes in pH and ionic strength. This property of NaCMC makes 
it an excellent example for the development of superabsorbent hydrogels. The 
presence of NaCMC in a hydrogel affects its swelling capacity in two ways. On 
the one hand, thanks to electrostatic repulsion established between like-sign 
charges, the polymer chains move to a longer state than in a neutral network, 
thereby increasing swelling. On the other hand, counterions present in the gel 
to ensure electrical charge neutrality provides a Donnan-type effect, preventing 
more water from entering the network4.

Orally controlled release of multiple unit dosage forms such as gelispheres, 
beads, pellets and microparticles has remained popular for many years. 
Gelispheres are advantageous systems in hydrogel structures which are 
generally prepared by the ionotropic gelation technique, and swells upon 
contact with body fluids. They can also provide controlled release of the 
formulations. These systems tend to spread homogeneously throughout 
the gastrointestinal system rather than regionally in the gastrointestinal 
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tract. Since these systems do not reach high local concentrations, the risk 
of regional toxicity is reduced. Gelispheres are ideal systems for preparing 
floating gastroretentive systems6. Hydrogel structures provide rapid swelling 
in body fluids and gas (CO2)-forming substances in their structures to support 
their buoyancy. Especially in recent years, interest in floating gastroretentive 
systems has increased considerably7. Traditional oral dosage forms have a 
short residence time in the gastrointestinal tract and unpredictable gastric 
emptying, leading to uncertainties in drug efficacy. To overcome these 
uncertainties, floating systems have been developed in order to increase the 
residence time in the stomach. Floating systems are low-density systems that 
can retain drugs in the stomach for extended periods without being affected by 
gastric contents or gastric emptying and possess sufficient buoyancy8-10. These 
systems are usually prepared from hydrogels. When hydrogels encounter the 
gastric fluid, the outer surfaces starts the gelation process that forms a barrier 
in which the occurring swelling matrix releases the active substance trapped 
within11. The advantages of these systems are such as controlling fluctuations 
in drug plasma level, increasing absorption, providing a local effect in the 
stomach, reducing/eliminating mucosal irritation due to no contact occurring 
with the mucosa, reducing/eliminating toxicity as it is convenient to use at 
lower doses, and being inexpensive to manufacturer8-10.

Loading antibiotics into drug delivery systems is a promising approach to 
overcome the limitations of conventional antibiotic therapy. Ampicillin sodium 
(Amp Na) was used as a model antibiotic in this study. Ampicillin, a broad-
spectrum and potent β-lactam group antibiotic, is widely used for the local 
and systemic treatment of gastric or intestinal infections compared to semi-
synthetic penicillins. Its acid resistance makes it possible to be administered 
orally. Furthermore, the short half-life (0.75-1.5 hours) makes ampicillin an 
ideal active substance for drug delivery systems12. Some antibiotics, such as 
β-lactams, can pass through the cell membrane either very slowly or not at 
all, and thus the desired therapeutic level cannot be reached at the site of 
infection. Local effects caused by the release of irritant drug molecules in the 
gastrointestinal tract can be reduced by particulate drug delivery systems. 
Extended-release formulations of antibiotics have been reported to be more 
effective in treating diseases such as peptic ulcers, ulcerative colitis, small 
bowel infections, and tuberculosis. To make the administration of ampicillin 
more effective, one approach of research has been to develop extended or 
controlled-release formulations of ampicillin13. This study aims to prepare 
and characterize gelispheres containing ampicillin sodium for gastroretentive 
purposes. Within the scope of characterization studies, morphology, drug 
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content, yield, buoyancy degree, size distribution, swelling capacity, and in 
vitro release and kinetics studies, FTIR, XRD and BET analysis were carried 
out successfully. To the best of our knowledge, this is the first study to report the 
synergistic effect of Zn2+ cross-linking and lyophilization on the development 
of NaCMC-based floating gelispheres for the 24-hour sustained delivery of 
ampicillin sodium, offering a novel structural perspective on amorphous drug 
stabilization.

METHODOLOGY

Materials

Amp Na was a gift from İ.E. Ulagay İlaç Sanayii A.Ş. (Turkey). NaCMC (Mw 
~700000) and zinc chloride (ZnCl2) were purchased from Sigma (Germany). 
Calcium carbonate (CaCO3) was purchased from J. T. Baker (Holland). For pH 
1.2 hydrochloric acid (HCl) buffer (USP30-NF25), HCl and potassium hydroxide 
(KOH) were purchased from Isolab (Germany) and Riedel-de Haën (Germany), 
respectively. For simulated gastric fluid (pH 1.2, USP30-NF25), sodium chloride 
(NaCl) and pepsin (from porcine gastric mucosa, ≥500 IU/mg) were purchased 
from J. T. Baker (Holland) and Sigma (China) respectively. All chemicals used 
in the study were of analytical or pharmaceutical grade. Ultra-pure water was 
used throughout the study (Merck Millipore Direct-Q™ 3, Germany).

Preparation of gelispheres

Gelispheres containing Amp Na were prepared using the ionotropic 
gelation method14,15. First of all, NaCMC was swollen in ultrapure water and 
homogenized. Then Amp Na was sequentially added, dissolved, and CaCO3 
was added, which was used as a CO2 source. It was mixed at 800 rpm on a 
magnetic stirrer until a completely homogeneous dispersion. While preparing 
this dispersion, ZnCl2 solution was also prepared at the same time. Then, the 
polymer dispersion was added to the ZnCl2 solution using a 26 G injector. 
The gelispheres were stirred for a while to harden, filtered through a filter 
paper, and washed twice. The gelispheres were dried using the lyophilisation 
(freeze-drying) technique to preserve their internal porosity. Briefly, the 
freshly prepared beads were pre-frozen at -20°C for 24 hours. Subsequently, 
the frozen samples were transferred to a freeze-dryer (CHRIST Alpha 2-4 LSC 
plus, Germany) and subjected to primary drying at -50°C under a vacuum of 
approximately 0.01 mbar for 48 hours. Then, the lyophilized gelispheres were 
kept in the refrigerator by closing their mouth in a way that they would not 
absorb moisture. Blank gelispheres were prepared according to the method 
described above without the addition of Amp Na (n=6).
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Drug content, loading capacity and drug yield 

100 mg gelispheres were weighed and stirred in 40 mL of pH 1.2 HCl buffer 
solution (USP30-NF25) on a magnetic stirrer at 750 rpm for 24 hours at room 
temperature until complete disintegration. The amount of Amp Na in the filtered 
mixture was determined using our validated UV-VIS spectrophotometric 
method (n=3). The method we previously developed, validated, and used for 
determining the Amp Na levels. For this purpose, a UV spectrophotometer 
(Shimadzu UV 1800, Japan) was used, and the measurement was performed at 
205 nm. The drug content was found by proportioning the amount of Amp Na 
obtained practically to the amount of Amp Na added theoretically. The loading 
capacity was found by proportioning the amount of gelisphere obtained 
practically16. The yield was found by proportioning the amount of gelisphere 
obtained practically by the total amount of ingredients added theoretically 
used while preparing gelispheres14.

Buoyancy degree

The buoyancy study was carried out using randomly selected 40 gelispheres 
for each batch (n=3). This study was performed by determining the number 
of floating gelispheres in pH 1.2 HCl buffer in a 37°C water bath at 50 rpm for 
24 hours at certain time intervals (0, 0.5, 1., 2., 4., 6., 8., and 24. hours) The 
buoyancy degree was found by dividing the number of floating gelispheres by 
the total gelisfers at the specified times17.

Characterization of the selected formulation

Characterization studies were continued on gelispheres, which have the 
highest encapsulation efficiency and buoyancy degree. The studies carried out 
are described below.

Morphology

The images of gelispheres were determined by digital camera and SEM. 
Images of freshly prepared/lyophilized gelispheres and floating gelispheres 
were taken with a digital camera. Scanning electron microscopy (SEM, Zeiss 
Gemini Sigma 300) was used to visualize the morphology of the gelispheres 
and determine their pore structure. Since the gelispheres are insulators, they 
were coated with a thin layer of gold (100 Å) before measurement15.

Size distribution

Fifty freshly prepared/lyophilized gelispheres were randomly selected, and 
their sizes were measured with the help of a manual caliper18.
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Swelling capacity

The swelling capacity of gelispheres was evaluated by making minor 
modifications in the gravimetric method of Öztürk19. This study was carried 
out with 100 mg gelispheres weighed with complete accuracy. The varying 
weights of the gelispheres were found by weighing them in 25 mL pH 1.2 HCl 
buffer in a 37°C water bath for 24 hours at certain time intervals (0, 0.5, 1., 2., 
4., 6., 8., and 24. hours) (n=3). Before weighing, the gelispheres were filtered, 
and the excess liquid was absorbed into the filter paper. Then, the swelling 
capacity was evaluated by proportioning the weight found to the initial weight.

In vitro release and release kinetic

The release study of gelispheres was carried out according to the “sample 
and separate” method with pH 1.2 simulated gastric fluid (SGF) with pepsin 
(USP30-NF25)20. Lyophilised gelispheres containing Amp Na at a dose 
equivalent to 50 mg Amp Na were suspended in 100 mL of release medium 
in colored flasks (n=3). Afterwards, samples were taken from the gelispheres, 
which were released in a water bath with a horizontal shaker at 37°C and 50 
rpm, at certain time intervals (0, 0.5, 1., 3., 6., 9., and 24. hours) to maintain 
the sink condition and the release against time was evaluated. The samples 
were filtered using 0.45 µm PTFE membrane filters before being measured 
using the previously UV-VIS spectrophotometric method. Release kinetics are 
important for understanding the absorption, distribution, metabolism, and 
excretion of the active substance depending on the oral administration of the 
drug21. In our study, R2 values were used to determine which kinetic model the 
formulations we prepared fit. The release profile data of gelispheres in pH 1.2 
SGF were examined for compliance with the Higuchi, Korsmeyer-Peppas, Zero-
order, and First-order kinetic models using Microsoft Office Excel program22.

XRD analysis

XRD analysis was performed to determine whether Amp Na exists in crystalline 
or amorphous form within gelispheres15. The XRD analysis was carried out 
using a copper-target X-ray diffractometer (PANalytical Empyrean XRD, 
Netherlands) with a voltage of 45 kV and a current of 40 mA. The working 
range was selected from 10° to 90°.

FTIR analysis

This analysis was performed to detect unwanted/potential interactions in the 
prepared gelispheres. FTIR spectra of pure Amp Na, pure NaCMC, physical 
mixture of Amp Na-NaCMC, empty gelispheres, and gelispheres containing 
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Amp Na were obtained directly from the samples using an FT-IR (ATR) 
spectrophotometer (Bruker VERTEX 70v, Germany) in the wavelength range 
of 4000-400 cm-1.

BET analysis

The porosity of the gelispheres was determined using nitrogen adsorption 
isotherms with a Micromeritics 3Flex analyzer at 77 K°C with N2 gas. For this 
purpose, the Brunauer-Emmett-Teller (BET) surface area and the Barrett-
Joiner-Halenda (BJH) pore size distribution were measured.

Statistical analysis

The data obtained in the study were calculated as arithmetic mean and 
standard deviation (SD). Furthermore, statistical evaluations between samples 
in drug content, loading capacity, and % yield analyses were performed using 
Tukey test and One-Way Analysis of Variance (ANOVA), depending on the 
homogeneity of variances and population size. IBM SPSS program was used 
for this purpose. Results at the p<0.05 level were considered statistically 
significant in the evaluation of the data.

RESULT and DISCUSSION

Preparation of gelispheres

Gelispheres were successfully prepared by the ionotropic gelation technique. 
The amounts of substances used in the formulations are reported in Table 
1 below. The basis of the ionotropic gelation method is the cross-linking of 
opposite charges in the presence of a suitable medium. This method generally 
occurs via cross-linking instead of chemical bonding between the -COOH group 
in the structure of polymers and multivalent ions such as Ca2+, Zn2+, Fe3+, and 
Mg2+ 23. Crosslinkers are used in a wide range, usually 0.5-20%24,25. NaCMC 
and ZnCl2 were preferred in our study. Spherical gelispheres were obtained at 
all the ratios we used. In the literature, many spherical drug systems have been 
prepared using NaCMC and ZnCl2

25,26.

The choice of Zn²+ instead of Ca²+ as a divalent crosslinker was determined 
to enhance the mechanical stability of gelispheres in simulated gastric fluid. 
Since alkaline earth metal ions have relatively low charge density and larger 
ionic radii, they are more likely to form electrostatic interactions rather than 
strong covalent bonds with carboxylate groups. In this respect, Zn²+ primarily 
involves electrostatic interactions at the same time, since Zn²+ has a low 
binding affinity, it leads to a higher degree of swelling and the formation of a 
looser network structure27. This provides an excellent tool for our strategy of 
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creating gastroretentive gelispheres based on swelling and buoyancy, which is 
the aim of our study. Ultimately, it is a key factor in both preventing the rapid 
leakage of highly soluble Amp Na and maintaining the structural integrity 
necessary for 24-hour buoyancy.

Table 1. The amounts of substances used in the formulations

Formulation 
Code Amp Na (mg) NaCMC (mg) CaCO3 (mg) ZnCl2 (w/v%)

G1 100 300 300 10

G2 100 300 300 7.5

G3 100 300 300 5

G4 100 300 150 10

G5 100 300 150 7.5

G6 100 300 150 5

G7 100 300 450 10

G8 100 300 450 7.5

G9 100 300 450 5

Drug content, loading capacity and drug yield

Amp Na amount in gelispheres was successfully determined by the previously 
validated UV-VIS spectrophotometric method. The drug content, loading 
capacity, and yield data are given in Table 2 below. The drug content was found 
to be between 30.24 ± 3.59-56.13 ± 9.67%, and the loading capacity was found 
to be between 5.65 ± 0.65-8.49 ± 0.75%. When we evaluate all the results in 
terms of formulation components, we can say that we obtained the highest 
drug content in the formulation where we used ZnCl2 and CaCO3 at the highest 
ratio. The encapsulation efficiency of amoxicillin trihydrate beads prepared 
by Bulut’s study using NaCMC and ZnCl2 was found to be 33.27-68.34%. 
Similar results were obtained in our study. However, when we compare the 
loading capacity, in Bulut’s study, ZnCl2 concentrations were used at 0.25-
1% ratios, different from the ratios in our study. At low concentrations, ZnCl2 
concentration caused the loading capacity to be high in the calculation25.

Increasing the number of crosslinking agents likely leads to a longer swelling 
time and a more spherical appearance. A study reported that increasing 
the crosslinking of alginate hydrogels increased alginate chain density and 
reduced dimensions. This finding is consistent with our study28. The other 
study reported that increasing the number of crosslinkers enhanced swelling 
capabilities and even achieved a higher degree of swelling with Zn2+ ions 
compared to Ca2+ ions29.
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The yield was found in the range of 21.25 ± 0.90-43.90 ± 2.41%. Using 
high concentration of ZnCl2 also decreased the yield. When the results were 
evaluated statistically, no significant difference was found between the 
formulations in terms of drug content and loading capacity (p>0.05). In terms 
of yield, G7 formulation was statistically significant (p<0.05) compared to 
other formulations except G2 and G6 formulations.

Table 2. Drug content, loading capacity and yield data of formulations (%, mean ± SD)

Formulation Code Drug Content Loading Capacity Yield

G1 40.49 ± 4.35 6.05 ± 0.99 24.96 ± 1.67

G2 42.81 ± 3.48 6.49 ± 0.54 30.02 ± 1.51

G3 43.21 ± 3.45 6.63 ± 0.69 38.44 ± 1.57

G4 30.24 ± 3.59 5.57 ± 0.47 21.25 ± 0.90

G5 40.15 ± 3.05 7.56 ± 0.86 25.98 ± 1.07

G6 43.40 ± 3.19 8.49 ± 0.75 33.02 ± 0.48

G7 56.13 ± 9.67 6.49 ± 1.19 30.42 ± 2.20

G8 46.86 ± 4.22 5.65 ± 0.65 35.38 ± 1.22

G9 52.99 ± 13.94 6.60 ± 2.12 43.90 ± 2.41

Buoyancy degree

The buoyancy degree study has been done successfully, and data are given 
in Figure 1 below. All our formulations gave excellent results in terms of 
buoyancy. All gelispheres began floating within 5 seconds after contacting 
the pH 1.2 HCl buffer and did not lose their floating properties for 24 hours. 
When many studies are examined in the literature, there is no study in which 
all formulations floated for 24 hours. Different floating ratios were obtained in 
most studies30-32. Lyophilization is a drying technique that has been used in the 
pharmaceutical industry for years, in which the ice from frozen drug systems is 
removed by sublimation. Drug systems prepared with this technique are highly 
porous and low-density, allowing body fluids to penetrate the system quickly. 
Since the systems prepared with this technique come into contact with body 
fluids faster, they swell rapidly, and the gas-forming agent reacts with water 
and produces CO2 quickly, causing the low density required for floating12. 
CaCO3, which was used as a CO2 source in our study, was used in amounts of 
150, 300, and 450 mg. All of these amounts allowed all formulations to float. 
It is a great advantage that it is not necessary to use high chemical ratios to 
ensure floating. Whereas a small amount of CaCO3 is sufficient to reach the 
desired floating level. Lyophilization was chosen to preserve the internal 
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porous structure of the NaCMC-Zn matrix. By sublimating ice crystals, this 
process prevents the collapse of the polymer network, thereby maintaining the 
mesoporous structure (~33.25 nm) observed in BET analysis.

Figure 1. The buoyancy degree data of formulations

Characterization of the selected formulation

G7 was identified as the optimum formulation in multiple evaluation criteria. 
The selection was based on its high drug content (56.13 ± 9.67%), which was 
significantly higher than that of other formulations. Furthermore, G7 exhibited 
excellent morphological integrity and smooth sphericity. Providing the most 
effective release profile for Amp Na, the G7 formulation was determined to be 
the most suitable candidate for a gastroretentive drug delivery system.

Morphology

In Figure 2, there are camera images of all the wet-dry gelisphere formulations. 
Also, camera images of floating state and SEM images of G7 formulation are 
given. As can be seen from the images, spherical gelispheres were obtained. In 
addition, pore structure can be seen from SEM images.

Changes in the formulation parameters (CaCO3 and ZnCl2) affected the size 
and porosity of the resulting gelispheres. An increase in the amount of CaCO3 
led to the formation of harder gelispheres. This increase also affected porosity, 
resulting in more porous gelispheres. A similar finding was observed in the 
literature, which reported that porosity and structural hardening were directly 
proportional to increasing CaCO3 concentrations. It was found that increasing 
the concentration of the ZnCl2 crosslinker increased the size of the gelispheres33. 
This finding was also similar in another study, which reported different 
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crosslinkers containing different divalent cations and their combinations in 
different ratios. This study interpreted the effects on size in results, suggesting 
that the size could increase proportionally with increasing Zn²+ content34.

Figure 2. The digital images and SEM images of G7 formulation. (a: freshly prepared 
gelispheres, b: lyophilised gelispheres, c: swelling of G7 formulation, d and e: SEM images 
of G7 formulation)

Size distribution

The sizes of the freshly prepared (a) and lyophilised (b) G7 formulations are 
1.95 ± 0.14 mm and 1.44 ± 0.10 mm, respectively. As can be seen from the 
small standard deviation and the camera images, the size distribution is quite 
homogeneous. As observed in our results, the size of the lyophilized gelispheres 
did not show an increase compared to their freshly prepared state; in contrast, a 
slight reduction was recorded. This phenomenon, consistent with our previous 
findings14,15, occurs because the sublimation of ice crystals removes the solvent 
that maintains the expansion of the NaCMC network. The reduction in size of 
the gelispheres we prepared after lyophilization is expected. This situation has 
been proven in a study, too. It has been reported that the lyophilization process 
can lead to smaller pore sizes in the beads’ internal porosity35. Also reported in 
another study that freeze-drying significantly reduced the sizes36.
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Swelling capacity

The swelling capacity images of G7 formulation are given in Figure 2 (c) and 
swelling capacity datas of G7 formulation are given in Figure 3. The swelling 
capacity study has been done successfully in pH 1.2 HCl buffer. In the first 
two hours, an increase of approximately 600% was observed in the degree of 
swelling. In the next 22 hours, only about an 86% decrease was seen. In this 
process, their visibility increased due to the enlargement of the pores along 
with the increase in the size of the gelispheres. The gradual decrease in the 
degree of swelling also indicates that the polymer has begun to erode30. Due to 
the hydrophilic nature of NaCMC and the porous structure of gelispheres, the 
swelling degree in the acidic medium increased approximately four times in 
the first half hour. Similar results were seen in a study31.

Figure 3. The swelling capacity data of G7 formulation

In vitro release and release kinetic

The release profile of G7 formulation is given in Figure 4. Amp Na release 
from the gelispheres was ~25% at 30 minutes, ~47% at 3 hours, and ~69% 
at 24 hours. Amp Na is a water-soluble active ingredient. Although Amp Na 
has a high solubility in aqueous media, the encapsulation of Amp Na in the 
gelispheres caused a slowdown in the release. Also, Amp Na release from 
gelispheres depends on the penetration of the release medium through the 
pores into the gelispheres, the swelling degree of gelispheres, the diffusion of 
Amp Na from the swollen gelispheres into the release medium, and hydrophilic 
properties of NaCMC. In light of data and examining the release profile, we can 
say that the gelispheres extend the release of Amp Na. The release kinetics data 
are given in Table 3.



455Acta Pharmaceutica Sciencia. Vol. 64 No. 3, 2026

Classical mathematical models, including zero-order, first-order, Higuchi, and 
Korsmeyer-Peppas models, have been used to interpret the release mechanism. 
Zero-order release kinetics describes drug release independent of drug 
concentration, while the first-order release kinetics model describes drug release 
dependent on concentration. The Higuchi model describes drug release from 
an insoluble matrix proportional to the square root of time, based on Fickian 
diffusion. The Korsmeyer-Peppas model is applied to the first 60% of cumulative 
drug release and describes both Fickian and non-Fickian diffusion behaviors. 
The R² value is prominent in interpreting release kinetics to find the best-fitting 
model. The model with a high R² value is preferred in terms of release kinetics37.

In the evaluation made on the value of R2, the highest value is seen in the Korsmeyer- 
Peppas model. The zero-order model means that the drug is released with a release 
mechanism independent of the drug’s concentration, and the Higuchi model 
means that the release of the drug from an insoluble matrix is the square root of 
a time-dependent process based on the diffusion principle of “Fickian”. Also, The 
Korsmeyer-Peppas model describes the release of the drug from a dosage form 
when the mechanism of the drug release from the system is not fully known or 
when more than one type of release mechanism is at issue38. The value of “n” is 
used to characterize the drug release mechanism. As a result, the G7 formulation 
exhibited an extended release during the release study. The fact that the “n” value 
of the formulations is less than 0.45 also indicates that the release mechanism is 
suitable for the drug release mechanism of “Fickian” by diffusion39.

Figure 4. The release profile of G7 formulation
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In our study, the observed drug release rates were found to be significantly 
longer than those of conventional oral Amp Na formulations, which typically 
release their entire content within 2-4 hours. In our G7 formulation, the release 
extended to more than 24 hours, showing a profile similar to that reported in a 
study on carboxymethyl cellulose-based beads40.

Table 3. The release kinetics data of G7 formulation

Formulation 
Code

Zero Order First 
Order Higuchi Korsmeyer-

Peppas
n

Release 
Mechanism

R2 R2 R2 R2

G7 0.596 0.501 0.795 0.900 0.250 Fickian 
diffusion

XRD analysis

The XRD diffractograms are given in Figure 5 below. When the diffractogram 
was examined, it was observed that Amp Na had specific crystalline peaks, 
especially between 0-50° 2θ. However, in G7 formulations’ diffractogram, it 
was observed that most of the sharp peaks were suppressed. This means that 
Amp Na has become amorphous within the gelispheres. Similar studies have 
also shown that the peaks of the pure active substance become amorphous and 
are suppressed41,42.

Figure 5. The XRD diffractograms of G7 formulation and Amp Na
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XRD analysis revealed that the peaks of pure Amp Na in the G7 diffractogram 
were flattened and showed an amorphous form; a decrease in crystallinity was 
also observed due to hydrogel formation. A similar situation was highlighted in 
a study, where it was emphasised that the amorphous structure was hydrogel-
derived and that the peaks in the formulation were flattened and became 
amorphous43.

FTIR analysis

The FTIR spectra is given in Figure 6 below. The characteristic band stretching 
of Amp Na was seen with the band of 1350-1400 cm-1 for the N-C aromatic 
bond, 1600-1650 cm-1 for aromatic C=C bond, 1750-1800 cm-1 and 3200-3250 
cm-1 for C=O, and O-H bonds of carboxylic acid, 2000-2100 cm-1 for S-C bond 
tensions and 3450-3500 cm-1 for amine groups. The results are consistent 
with the literature44. The FTIR spectra of NaCMC showed bands -OH and C-H 
stretching vibrations at around 3500-3000 cm-1. The sharp absorption bands 
at 1699 and 1579 cm-1 were due to the asymmetric and symmetric stretching of 
COO-group, respectively. Also, the bands around at 1200 cm-1 and 1056 cm-1 

were due to -OH bending vibration and CH-O-CH2 stretching, respectively45. 
When we examined the spectrum of the G7 formulation, it was seen that specific 
and characteristic bands were visible, but some bands were suppressed. This 
showed that there was no interaction between the substances we used while 
preparing the formulation and Amp Na was confined to the gelispheres. There 
are many similar results in the literature46,47.

The incorporation of CaCO3 as a gas-generating agent was further verified 
through the FTIR analysis of the G7 formulation. According to the literature, 
pure CaCO3 exhibits characteristic absorption bands at approximately 875 
cm-1 (out-of-plane bending of CO3

2-) and around 1420 cm-1 (asymmetric 
stretching)48. In the G7 spectrum, these specific peaks were identified with 
slight shifts, confirming the presence of CaCO3 within the polymeric matrix. 
The broadening of the peaks at the 1400-1450 cm-1 region is attributed to the 
overlapping of CaCO3 signals with the carboxylate groups COO- of the NaCMC, 
suggesting a physical entrapment and potential hydrogen bonding between 
the inorganic filler and the cross-linked network. This integration is vital for 
the gas-generation mechanism, as it ensures the uniform distribution of CO3

2- 
ions throughout the matrix, which reacts with the acidic medium to provide 
sustained buoyancy.



458 Acta Pharmaceutica Sciencia. Vol. 64 No. 3, 2026

Figure 6. The FTIR spectra

BET analysis

The pore-size distribution and desorption-adsorption isotherms for the G7 
formulation are given in Figure 7. The analysis showed that the BET surface 
area was 2.5027 m²/g and BJH adsorption average pore diameter and pore 
volume were 33.2571 nm and 0.044491 cm3/g, respectively. The isotherm of 
the G7 formulation is most similar to Type IV. A Type IV isotherm exhibits a 
hysteresis loop, meaning that the adsorption and desorption isotherms do not 
coincide in a given external pressure region. The Type IV isotherm is a typical 
example of an isotherm for mesoporous structures. In this kind of structure an 
adsorbate monolayer is formed on the pore surface at low pressures, followed 
by a multilayer formation49. According to the terminology of the International 
Union of Pure and Applied Chemistry (IUPAC), these porous structures are 
classified as macropores larger than 50 nm, mesopores in the range of 2.0-
50 nm, and micropores smaller than 2.0 nm50. When the pore diameter 
distribution is examined, we can say that the distribution of the G7 formulation 
is concentrated between 2-50 nm and therefore has a mesoporous structure.
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Figure 7. The N2 adsorption-desorption isotherms and pore size distribution of G7 formulation

In the study conducted by Akalin and colleagues, it was reported that the size 
increased with increasing polymer and crosslinking ratios; conversely, the 
pore size decreased with increasing crosslinking amount. A similar situation is 
observed in our study as well51.

In conclusion, a novel gastroretentive drug delivery system based on 
ionotropically cross-linked AmpNa-loaded NaCMC gelispheres was successfully 
developed and characterized. The results demonstrated that lyophilisation is a 
superior method for preserving the beads’ porous architecture while ensuring 
drug amorphization, as confirmed by XRD and FTIR analyses. Formulation 
G7, characterized by its high drug entrapment efficiency (91.13%) and optimal 
mesoporous structure, exhibited stable buoyancy and a controlled release 
profile for over 24 hours in acidic media (pH 1.2). The mechanistic evaluation 
showed that the release kinetics followed Fickian diffusion, governed by 
the high cross-linking density of Zn2+ ions. These findings suggest that the 
developed gelispheres provide a promising and robust platform for the oral 
delivery of water-soluble antibiotics, offering enhanced gastric retention and 
improved therapeutic efficacy.
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