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A B S T R A C T   

The escalating challenges of Helicobacter pylori-induced gastric complications, driven by rising antibiotic resis
tance and persistent cancer risks, underscore the demand for innovative therapeutic strategies. This study ad
dresses this urgency through the development of tailored semi-interpenetrating polymer networks (semi-IPN) 
serving as gastroretentive matrices for amoxicillin (AMOX). They are biodegradable, absorb significant volume of 
simulated gastric fluid (swelling index > 360 %) and exhibit superporous microstructures, remarkable 
mucoadhesion, and buoyancy. The investigation includes assessment at pH 1.2 for comparative analysis with 
prior studies and, notably, at pH 5.0, reflecting the acidic environment in H. pylori-infected stomachs. The semi- 
IPN demonstrated gel-like structures, maintaining integrity throughout the 24-hour controlled release study, and 
disintegrating upon completing their intended function. Evaluated in gastroretentive drug delivery system per
formance, AMOX release at pH 1.2 and pH 5.0 over 24 h (10 %-100 %) employed experimental design meth
odology, elucidating dominant release mechanisms. Their mucoadhesive, buoyant, three-dimensional scaffold 
stability, and gastric biodegradability make them ideal for accommodating substantial AMOX quantities. 
Furthermore, exploring the inclusion of the potassium-competitive acid blocker (P-CAB) vonoprazan (VONO) in 
AMOX-loaded formulations shows promise for precise and effective drug delivery. This innovative approach has 
the potential to combat H. pylori infections, thereby preventing the gastric cancer induced by this pathogen.   

1. Introduction 

The American Cancer Society’s estimates for stomach cancer (also 
known as gastric cancer) in the United States for 2023 are about 26,500 
new cases (Society, 2023). These statistics position stomach neoplasms 
with higher incidence than larynx, ovary, or esophagus cancer within 
the studied population (Society, 2023). Helicobacter pylori (H. pylori) 
infection is recognized as the most significant risk factor for gastric 
cancer, emphasizing the importance of preventive measures (Fernán
dez-Navarro et al., 2021). The presence of a stomach ulcer may indicate 
an ongoing colonization of the gastric mucosa by H. pylori, thus raising 
the risk of oncological transformation in the patient’s cells (Hansson 
et al., 1996). 

Currently, antibiotic-based therapies against this pathogen are far 
from foolproof, especially considering the dramatic increase in 

antibiotic-resistant H. pylori strains. Typical treatment regimens often 
involve the use of up to four drugs, including two or three antibiotics, 
with the aim of eradicating the pathogen, despite the uncertainty of their 
susceptibility (Grosso and De-Paz, 2022). While these complex thera
peutic approaches aim to improve eradication rates, there are some key 
issues regarding the patient and the overall management of the disease 
(Yang et al., 2014; Malfertheiner et al., 2017): first, the frequent dosing 
requirements in combination therapies can negatively impact patient 
adherence; second, the presence of unnecessary antibiotics in combi
nation therapies contributes to the development of broader antimicro
bial resistance, further compromising the effectiveness of these 
treatments resulting in the inability to successfully eradicate the bac
terium in at least 20 % of treated patients (Lee et al., 2022). 

To minimize the emergence of new resistant strains, selecting the 
appropriate antibiotic is a must. The most common approach to combat 
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H. pylori infection is susceptibility-based therapy, wherein specific an
tibiotics are prescribed based on known sensitivity after testing the 
infecting strain (Goderska et al., 2018). This type of prescription, known 
as "triple therapy," typically involves one proton pump inhibitor (PPI) 
and two antibiotics, commonly clarithromycin along with either 
amoxicillin, levofloxacin, or metronidazole (Yang et al., 2014; Lee et al., 
2022; Goderska et al., 2018; Guevara and Cogdill, 2020). Among the 
antibiotics examined, amoxicillin (AMOX) appears to have the lowest 
prevalence of resistance among H. pylori strains (except in Africa), 
making it a favorable candidate for an optimized dual therapeutic 
approach (AMOX and a PPI) to be studied as a first-line treatment for 
infections in most countries (Grosso and De-Paz, 2022). This is the 
reason why AMOX has been the antibiotic chosen for the present work. 
Its effectiveness is determined by the period when its concentration 
surpasses the established minimal inhibitory concentration (MIC) for 
H. pylori, rather than achieving higher drug levels (Yang et al., 2014; 
Scott et al., 2016). 

In general terms, to maintain consistent active pharmaceutical 
ingredient (API) levels above the MIC for an extended period, frequent 
administration of the drug is typical. Additionally, reducing antibiotic 
doses and improving dosage pathways through decreased administra
tion frequency, while ensuring antibiotic concentrations remain above 
the MIC, is crucial in managing these types of infections. Reduced dosing 
can be achieved by employing gastroretentive drug delivery systems 
(GRDDS), which may prolong retention in the stomach compared to 
conventional formulations, while ensuring controlled and sustained 
release of the API over time. Among the gastroretentive systems that 
have shown the greatest efficacy are: (a) floating drug delivery systems, 
that are designed to remain in the stomach for a prolonged period, 
avoiding rapid gastric transit and (b) mucoadhesive drug delivery sys
tems, that can adhere to the stomach wall, enabling gradual release of 
the API until the system disintegrates. Both approaches serve the crucial 
function of ensuring prolonged gastric retention and controlled release 
of the drug (Tripathi et al., 2019), ultimately contributing to improved 
therapeutic outcomes. 

To date, only a limited number of instances have been documented 
regarding the application of GRDDS for the treatment of H. pylori in
fections utilizing AMOX-loaded GRDDS. The most effective cases have 
been those characterized by floating and/or mucoadhesive properties 
(Grosso and De-Paz, 2022). In broad terms, achieving the desired 
floating behavior of a dosage form typically involves the inclusion of 
swelling enhancers or wicking agents (Chavanpatil et al., 2006), as well 
as the use of effervescent combinations (Tadros, 2010). Alternatively, 
floatability in AMOX-based formulations can be achieved through the 
incorporation of low-density lipids like sunflower oil (Dey et al., 2016) 
or light mineral oil in oil-entrapped buoyant beads (Tripathi et al., 
2012). However, current formulations for floating AMOX-loaded 
GRDDS rely on multiple additional excipients to ensure buoyancy dur
ing release, rather than inherent microstructural properties. This 
excipient-based approach is costly and environmentally impactful. 
Consequently, we propose the development of floating devices without 
added excipients, leveraging their porous structure to ensure buoyancy. 
Moreover, when targeting the eradication of H. pylori infection, the 
formulation of mucoadhesive GRDDS could offer significant advantages. 
These systems have the ability to adhere to the stomach wall, withstand 
gastrointestinal motility for extended periods (Zhao et al., 2014), thus 
enhancing the localized action of the drug within the infected area 
(Mandal et al., 2016). Polymers possessing high mucoadhesive strength 
are essential for the successful design of such dosage forms. Despite the 
excellent properties of guar gum (GG) in terms of mucoadhesion, 
biocompatibility, and degradability, it has not been utilized in 
AMOX-loaded GRDDS. Additionally, the presence of GG in metronida
zole formulations has been shown to facilitate solvent transfer to the 
drug cargo, resulting in sustained drug release attributed to GG hydra
tion and swelling (Amin et al., 2016). We explore herein the formation of 
GG-based superporous, mucoadhesive polymeric matrices with 

potential buoyant properties to load large quantities of AMOX. 
On the other hand and in previous drug release studies on AMOX- 

loaded GRDDS, notably, they have been primarily conducted at pH 
1.2, although this is not the pH encountered in the surrounding of 
H. pylori-infested stomach tissue (ca. pH 5.0) (Thombre and Gide, 2016). 
For example, despite effective control of AMOX release at pH 1.2 
demonstrated by floating devices (Awasthi et al., 2012), this efficacy has 
not been validated at the pH 5.0. The predominant form of AMOX in 
gastric environments may diverge at different pH as recorded in Fig. 1 
[AMOX pka (strongest basic): 7.22; AMOX pka (strongest acidic): 3.23, 
values obtained from www.drugbank.com]. At pH 1.2, which represents 
the fasting stomach conditions, AMOX exists predominantly in its 
cationic form (Fig. 1A). However, it is important to note that AMOX is 
often co-administered with proton pump inhibitors or acid blockers in 
clinical practice, resulting in stomach pH of ca 5.0. At such pH, AMOX is 
present predominantly in its zwitterionic form (Fig. 1B). This aspect 
should be an important consideration in the development of GRDDS for 
the treatment of H. pylori infections, as the release profile of AMOX can 
be significantly influenced by the surrounding gastric pH. The reason 
why these studies have not been conducted at pH 5.0 in previous 
research remains unclear. Moreover, any system under investigation for 
H. pylori treatment should be evaluated not only at pH 1.2 (for 
comparative purposes with previously published systems) but also at pH 
5.0, the pH at which the antibiotic must be released. Our investigation 
aims to address this gap in the existing literature. 

Achieving a sustained and controlled 24-hour release of AMOX at pH 
5.0 in GRDDS remains an ongoing objective. Burst release (> 40 % in 1 
h, pH 1.2) is frequently observed in floating gel systems (Patel et al., 
2011) often attributed to their rapid disintegration. While an initial peak 
release may aid in achieving the MIC, it is imperative to regulate this 
parameter in the final formulation. Additionally, hollow modular tablets 
or imprinted devices designed to accommodate a non-gastroretentive 
drug tablet showed suboptimal drug retention, with up to 90 % cumu
lative drug release within 1.5 h (Charoenying et al., 2020; Rossi et al., 
2016). This goal can potentially be realized through the preparation of 
semi-interpenetrating polymer networks (semi-IPN), known for their 
structure stability as well as their enhanced rheological properties 
(Sánchez-Cid et al., 2023; Grosso et al., 2023). 

Another crucial factor to consider is the diversity of drug cargo 
within each system, influencing the final area under the curve (AUC) for 
AMOX and, consequently, the quantity of drug accessible in the stomach 
for its antibacterial efficacy. Despite the significance of this data, it is 
typically not explicitly addressed in research papers. Evaluating and 
determining the impact of this parameter in release trials is one of the 
objectives of this study. For the present study, the selection of loading 
values (AMOX percentages: 10 %, 25 % and 40 %; AMOX per beads: 5.6 
mg, 16,7 mg and 33.3 mg, respectively) was based on two parameters: 
the MIC of AMOX and the global volume of liquid and food in the 
stomach per day (2.5 L, taking into account the frequent stomach 
replenishment). The minimum chosen AMOX loading value for the 
AMOX-loaded beads was selected to ensure a cargo at least 4 times the 
MIC of AMOX (0.5 μg/mL) (Rossi et al., 2016), thereby ensuring that 
even with cumulative drug release values as low as 25 % in beads with 
the minimum AMOX loading, they would still meet the MIC and thus be 
effective in the treatment against H. pylori. Additionally, kinetic studies 
provide supplementary information that enables the identification of the 
mechanism behind the release, whether it is governed by the swelling of 
the formulation, the diffusion of the drug within the matrix, a combi
nation of both, or another mechanism. These inquiries aim to elucidate 
the delivery pathway, providing a better understanding of the under
lying principles. 

On a different aspect, GRDDSs often encounter certain limitations 
that must be addressed for optimal performance in pharmaceutical 
formulations. They may have a tendency to adhere together upon 
administration, posing a risk of bowel obstruction (Iglesias et al., 2020). 
Incorporating biodegradable components into the semi-IPN to be 
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utilized ensures their degradation in a 24-hour period (Grosso et al., 
2023) enabling them to overcome such potential challenges. If the 
porous and floating characteristics of the semi-IPN are reduced due to 
the formation of intertwined crosslinked polymer chains, incorporating 
a mucoadhesive scaffold polymer, such as guar gum (GG), into semi-IPN 
matrices can ensure their prolonged retention in the stomach. This is 
achieved through interactions with mucin-epithelial surfaces, promot
ing adhesion to moist surfaces, including the stomach (Grosso and 
De-Paz, 2022). 

As most antibiotics in anti-H. pylori therapies require an increase in 
intragastric pH for effective bactericidal action, the addition of a proton 
pump inhibitor to the combination is justified (Scott et al., 2016; Kiyo
toki et al., 2020). Vonoprazan fumarate (VONO, also known as 
TAK-438) stands out as a novel potassium-competitive acid blocker 
(P-CAB) with distinct advantages over traditional proton pump in
hibitors (Grosso and De-Paz, 2022). Although VONO does not possess 
direct antimicrobial activity against H. pylori, It offers sustained and 
robust inhibition of gastric acid secretion (Jenkins et al., 2015), quicker 
onset of action, longer plasma half-life (Kiyotoki et al., 2020; Mulford 
et al., 2022), and independence from genetic variability in metabolic 
enzymes (Sugano, 2018). Unlike proton pump inhibitors, VONO does 
not require a protective coating, can be taken with or without food, and 
maintains intragastric pH levels above 4 for over 24 h post-dose (Otake 
et al., 2016). The combination of AMOX and VONO presents a promising 
approach to combat H. pylori infections by addressing the limitations of 
traditional proton pump inhibitors, enhancing treatment efficacy, and 
potentially reducing antibiotic usage. AMOX’s lower resistance devel
opment, coupled with VONO’s ability to overcome proton pump in
hibitor limitations, makes this regimen a compelling option for 
managing H. pylori infections. 

The primary objective of this study is to determine the suitability of 
novel polymeric materials as gastroretentive matrices, possessing both 
enhanced rheological properties and high biodegradability, for pro
longed retention in the stomach over a 24-hour period. The intended 
application is for the eradication of H. pylori, especially in patients at risk 
of developing gastric cancer. The materials for testing were pre- 
fabricated through the formation of semi-IPN. In this process, a poly
meric material (Polymer 1) was synthesized in situ using an orthogonal 
and reliable polymerization method within the colloidal suspension of a 
second polymer: guar gum (GG). GG, a non-ionic, biocompatible, and 
naturally occurring polysaccharide with excellent mucoadhesive prop
erties (Sharma et al., 2021; Casiraghi et al., 2020), serves as a temporary 
scaffold in IPN preparation. Its adhesiveness is crucial for potential use 
as gastroretentive drug delivery system (GRDDS) matrices, allowing 
adherence to the gastric mucosa and facilitating the achievement of the 
minimum inhibitory concentration (MIC) in affected areas. The study 
will assess various properties of the prepared polymeric materials, 
including swelling capacity, mucoadhesive properties, potential buoy
ancy, rheological properties, and porous structure. Additionally, their 
ability to encapsulate and control the release of the antibiotic AMOX. 
Kinetic release studies will investigate the impact of pH (pH 1.2 and pH 
5.0), drug loading (from 10 % to 40 %), and the presence of biode
gradable units in Polymer 1 (from 20 % to 80 %) on antibiotic release in 
simulated gastric environments. Furthermore, the study will explore the 

feasibility of co-administering AMOX-VONO in a single formulation, 
aiming for an AMOX-VONO dual approach for anti-H. pylori treatment. 

2. Materials and methods 

2.1. Chemicals 

Chemicals used in this work were acquired from different suppliers 
and used as received. Guar gum (GG, product reference: G4129–250 G), 
diallyl carbonate (CAR), 2,2′-(ethylenedioxy)diethanethiol (EDDET), 
trimethylolpropane tris(3-mercaptopropionate) (TriT), methoxypol 
yethyleneglycol-350 (MeO-PEG-350), amoxicillin trihydrate (AMOX, 
Pharmaceutical Secondary Standard, 100 %) and type III pig mucin were 
acquired from Sigma-Aldrich (Madrid, Spain). Calcium chloride (CaCl2) 
for the synthesis of acetaldehyde diallylacetal (monomer B) was pro
vided by Fisher Scientific (part of Thermo Fisher Scientific; Massachu
setts, USA). Alfa Aesar (part of Thermo Fisher Scientific; Massachusetts, 
USA) was the supplier of allyl alcohol. 2,2-Dimethoxy-2-phenylaceto
phenone (DMPA) and acetaldehyde were purchased from Acros Or
ganics (part of Thermo Fisher Scientific; Massachusetts, USA) and agar- 
agar from Guinama, Barcelona, Spain. Vonoprazan fumarate was pur
chased from Ambeed (Illinois, USA). 

2.2. Preparation of guar gum-based multicomponent hydrogels 

Three systems were manufactured following the procedure outlined 
in a separate publication (Table 1) (Grosso et al., 2023). Monomer B 
(acetaldehyde diallylacetal) was synthesized beforehand, following the 
recipe described by Verdugo-Fernández (Verdugo-Fernández, 2020). 
The development of multicomponent hydrogels occurred through the 
growth of Polymer 1 within a colloidal suspension of Polymer 2 (GG) 
using a photoinitiated thiol-ene click reaction. For the formation of 
crosslinked Polymer 1, the allyl monomers employed were monomer 
CAR and the labile-under-acidic-conditions monomer B. EDDET was 
utilized as the dithiol and TriT served as the crosslinker (degree of 
crosslink: 8 %). The final concentration of the polymers was [Polymer 1] 
= [Polymer 2] = 4 % w/v, and the Polymer 1/Polymer 2 ratio was 1:1 
(w/w) for all cases. 

2.3. Characterization of guar gum-based semi-IPNs 

The GG-based semi-IPN hydrogels employed in this study were 
comprehensively characterized in a prior investigation (Grosso et al., 
2023). Subsequent research has focused on evaluating their swelling and 
floating properties, specifically for GG-p(B20CAR80), GG-p(B50CAR50) 
and GG-p(B80CAR20). Floating lag time (FLT) and total floating time 
(FT) were determined by visual observation after dropping 50-mg beads 
of the lyophilized sample into a crystal vial containing saline solution 
0.11 M (density equivalent to gastric fluids) (Asare-Addo et al., 2011). 
The temperature during the whole experiment was set to 37 ◦C, and the 
samples were left to float freely. The time required for the semi-IPN to 
rise to the surface and float was determined as floating lag time, while 
the total time for which the system remained buoyant before complete 
disintegration was recorded as total floating time. 

Fig. 1. Predominant forms of amoxicillin in gastric environments at (A) pH 1.2 and (B) pH 5.0.  
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In vitro swelling experiments were conducted using 50-mg beads of 
lyophilized semi-IPN. The beads were placed into a crystal vial with 15 
mL of distilled water. The temperature was set to 37 ◦C, and the samples 
were left to soak for 2 h. The weights of the swelled samples were 
measured (W2) and compared to the original ones (W1). The swelling 
index was interpreted as the number of times the system absorbed an 
amount of water equivalent to its weight (in percentage), and it was 
determined following Eq. (1): 

Swelling index = (W2 − W1/W1)⋅100 (1) 

Mucoadhesive properties were measured following the procedure 
recently employed by Villegas et al. (2021) and summarized next. 
Firstly, simulated mucosa was prepared by mixing 17 g of agar-agar with 
700 mL of distilled water in a beaker, followed by heating the mixture to 
95 ◦C for 15 min. After cooling to 70 ◦C, 2.5 g of type III pig mucin was 
added to the mixture and homogenized. Subsequently, before reaching 
room temperature, 30 mL of the mixture was poured into 6 cm diameter 
beakers and allowed to solidify at room temperature, resulting in the 
formation of the simulated mucosa. For the mucoadhesion assessment, 
beads of 50 mg of the IPN were placed on top of the simulated mucosa 
and allowed to rest for 2 min. The formulations were then covered with 
60 mL of simulated gastric fluid (SGF) (Grosso et al., 2023) at pH 5.0. To 
simulate physiological conditions, the beakers were subjected to orbital 
agitation at 150 rpm and maintained at a temperature of 37 ◦C. The time 
required for each formulation to detach from the simulated gastric 
mucosa was measured, providing an indirect measurement of their 
mucoadhesive properties. The trials were conducted in triplicate and 
demonstrated statistical significance with p < 0.05 in each assay. 

In the analysis of the multicomponent hydrogels prepared, both 
rheological measurements and images from field emission scanning 
electron microscope (SEM) were conducted/recorded at the CITIUS fa
cilities of the Universidad de Sevilla. The rheological measurements of 
the hydrogels were performed in a Discovery HR-3 (TA Instruments, 
New Castle, DE, USA) rheometer, equipped with a Peltier temperature 
controller, at 25 ◦C, using a plate-plate geometry (diameter: 40 mm and 
1 mm gap). Small-amplitude oscillatory shear (SAOS) tests from 0.12 to 
62 rad s-1, in the linear viscoelastic regime, were carried out. The linear 
viscoelasticity range was accomplished at a frequency of 1 Hz through 
strain amplitude sweeps. At least two replicates were done on fresh 
samples. Images were recorded specifically at the Microscopy Labora
tories, by means of a field emission scanning electron microscope, Zeiss 
EVO, at an accelerating voltage of 10 kV using secondary electrons. 

To perform the in vitro degradation studies of hydrogels, the meth
odology outlined by us for chitosan-based hydrogels was followed 
(Iglesias et al., 2020). Specifically, 40–60 mg dried beads (three samples 
per system) were placed in vials containing 10 mL of SGF (pH 5.0) and 
then incubated at 37 ◦C with shaking at 100 rpm. At various time points, 
the hydrogels were removed, rinsed with double-distilled water to 
eliminate any residual salinity, and weighed after ensuring that all 
surface water had been thoroughly blotted away. The residual mass of 
the hydrogels was calculated using Eq. (2), considering the initial weight 
of the samples. 

Residual mass (%) = Wt/W0 x 100 (2)  

where W0 is the initial weight of the hydrogel and Wt is the weight of the 
hydrogel at each time point. 

2.4. Calibration curves of amoxicillin and vonoprazan 

Calibration curves of AMOX and VONO were obtained by UV spec
trophotometric analyses of stock solutions of (a) AMOX at λ of 229 nm, 
and (b) VONO at λ of 207 nm, respectively. All the measurements were 
carried out in a UV-1280 Multipurpose UV–Visible Spectrophotometer 
(Shimadzu). The equations for the calibration curves for AMOX (Eq. (3)) 
and VONO (Eq. (4)) were found to be: 

AMOX : y = 9084.2x + 0.0072
(
R2 = 0.9994

)
, (3)  

VONO : y = 35608x + 0.0369
(
R2 =0.9976

)
, (4)  

where x corresponds to the concentration of drug (mmoles ⋅ mL-1) and y 
to the detected absorbance. 

2.5. Drug loading and experimental design methodology for in vitro drug 
release studies 

Lyophilized samples from GG-p(B20CAR80), GG-p(B50CAR50) and 
GG-p(B80CAR20) were chosen as matrices for sustained-released for 
AMOX. The beads (50 ± 5 mg) were prepared from freeze-dried 
hydrogels. The samples were weighed and placed in teflon cups, then 
stirred using an orbital stirrer (150 rpm, 25 ◦C, 3 h), resulting in beads 
with a diameter of 4.9 ± 0.5 mm. The systems were loaded with AMOX 
by addition of the drug [dissolved in dimethyl sulfoxide (DMSO); con
centration: 500 mg ⋅ mL-1] on the lyophilized IPN beads (50 mg) 
(Table 2). 

Table 1 
Preparation of guar-gum-based multicomponent hydrogels.  

Multicomponent hydrogels Polymer 1 Polymer 2 

Diallyl monomers Dithiol Xrlinker Initiator Global weight (mg) GG (mg) 

B (μL) CAR (μL) Molar Ratio in the feed EDDET (μL) TriT (mg) DMPA (mg) 

GG-p(B20CAR80) 39.6 138.6 20:80 190.4 27 31 400 400 
GG-p(B50CAR50) 99.1 86.6 50:50 180.9 25.7 31 400 400 
GG-p(B80CAR20) 158.5 34.35 80:20 190.4 27 31 400 400 

B: Acetaldehyde diallylacetal; CAR: diallyl carbonate; DMPA: 2,2-dimethoxy-2-phenylacetophenone; EDDET: 2,2′-(ethylenedioxy)diethanethiol, GG: guar gum; MeO- 
PEG 350: methoxypolyethyleneglycol-350; TriT: trimethylolpropane tris(3-mercaptopropionate); Xrlinker: crosslinker. 
Reaction conditions: initiator = DMPA 10 %; MeO-PEG 350 = 1 g; distilled water added up to a final volume of 10 mL. T = 18 ◦C; UV radiation: 365 nm, 180 W, 10 min; 
reaction time: 24 h. 

Table 2 
Samples for the experimental design methodology for in vitro drug release study.  

Formulations 
for 
release studies 

Semi-IPN used in the 
formulation 

Drug 
loading 
(%) 

Initial 
AMOX 
content (mg) 

F1/F1’ GG-p(B20CAR80) 40 33.33 
F2/F2’ GG-p(B20CAR80) 25 16.67 
F3/F3’ GG-p(B20CAR80) 10 5.56 
F4/F4’ GG-p(B50CAR50) 40 33.33 
F5/F5’ GG-p(B50CAR50) 25 16.67 
F6/F6’ GG-p(B50CAR50) 25 16.67 
F7/F7’ GG-p(B50CAR50) 10 5.56 
F8/F8’ GG-p(B80CAR20) 40 33.33 
F9/F9’ GG-p(B80CAR20) 25 16.67 
F10/F10’ GG-p(B80CAR20) 10 5.56 

Release conditions: pH = 1.2 (F1 to F10); pH = 5.0 (F1’ to F10’); T = 37 ◦C; 
lyophilized semi-IPN in each assay = 50-mg beads. AMOX: amoxicillin; IPN: 
interpenetrating polymer network. 
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To evaluate the effect of formulation composition on the in vitro drug 
release, a Box-Behnken experimental model design was utilized. 
Accordingly, ten AMOX-loaded semi-IPN-based formulations were pre
pared with drug loading percentages of 10 %, 25 %, or 40 % (in weight 
percentages) and the hydrogel types used were [GG-p(B20CAR80), GG-p 
(B50CAR50) or GG-p(B80CAR20)] (Table 2). 

For the dissolution studies, the cumulative drug release was moni
tored at 37 ◦C, at pH 1.2 and pH 5.0. Systems F5 and F6 were identical as 
required by the employed methodology. In the release assays at pH 1.2 
and pH 5.0, the systems were distinguished and labeled as F1-F10 and 
F1′-F10′, respectively. Systems F5 and F6 (and F5’and F6’) were inten
tionally kept identical in accordance with the methodology used. All the 
dissolution experiments were performed in triplicate, and statistical 
significance was observed with a p-value of less than 0.05 in each assay. 

The drug-loaded materials were placed into dialysis tubes (1 kDa cut- 
off) and submerged in vessels containing either SGF-1.2 or SGF-5.0, 
depending on the sample. All the dissolution devices were subse
quently place inside an orbital incubator at 37 ◦C and stirred gently (100 
rpm) throughout the dissolution experiments. At each predetermined 
time interval, 5 mL of the medium were withdrawn from each vessel, 
and its absorbance was measured at 229 nm. Dilutions of the samples 
were conducted when necessary. An equal volume of prewarmed fresh 
medium was added to the dissolution vessels after each withdrawal. The 
amount of AMOX released by each system was calculated by means of 
the calibration curve (Eq. (3)). 

Two additional release assays were conducted involving the incor
poration of VONO into the formulations. In one scenario, VONO served 
as the sole drug, while in the other case, it was co-administered with the 
antibiotic AMOX. For the trials where VONO acted as the sole drug, the 
beads were prepared from the IPN GG p(B20CAR80) using a procedure 
similar to the one described previously, with the exception that VONO 
was introduced into the Teflon cups and stirred along with the IPN (4 mg 
of VONO + 50 mg of IPN, 150 rpm, 25 ◦C, 3 h), resulting in a drug 
loading of 7.4 %. In the systems where AMOX and VONO were part of a 
dual-cargo formulation, VONO was added to the Teflon cups and stirred 
together with the IPN that had already been loaded with AMOX (4 mg of 
VONO + AMOX-loaded IPN), achieving a VONO loading of 7.4 % and 
AMOX loading of 10 %. The experimental parameters for the release 
assays corresponded to those outlined for assay F3 in Table 2. UV 
spectrophotometric measurements were taken at 207 and 229 nm at 
predetermined time intervals (Eqs. (3) and (4)). 

To assess the influence of two independent variables from the semi- 
IPN (drug loading and percentage of monomer B) on the cumulative 
AMOX release after 8 h and 24 h (dependent variable), as well as the 
interactions among them, a Box-Behnken experimental design (CSS 
Statistica, StatSoft Inc., Tulsa, UK) was used. The number of experiments 
(N) necessary was defined by the following Eq. (5): 

N = 2k + 2⋅k + cp (5)  

where k represents the number of factors (independent variables) 
involved in the study, and cp is the number of replicates of the central 
point (two in this case). Box-Behnken could be seen as a cube, consisting 
of a central point and the middle points of the edges. The total number of 
experiments required for each system, considering independent vari
ables at three levels, was 10 (from F1 to F10 at pH 1.2, and from F1’ to 
F10’ at pH 5.0). 

To facilitate direct comparison of the coefficients and visualization of 
the effects of each independent variable on the drug release, the values 
of the independent variables were normalized from − 1 to +1 by using 
the Eq. (6): 

Xn =
X − X

(Xmax − Xmin)/2
(6)  

where Xn is the normalized value of independent variables; X is the 

absolute experimental value of the variable concerned; X the mean of all 
fixed values for the variable in question; and Xmax and Xmin are the 
maximum and minimum values of the variable, respectively. 

2.6. Kinetics modeling of drug release 

Several kinds of kinetic models (zero-, first-order, and Higuchi) were 
applied to explain the drug release behaviors at both pH 1.2 and pH 5.0, 
and the model with the highest correlation coefficient (R2) should be 
considered as the optimal fit. The release mechanism was also estimated 
according to the Korsmayer–Peppas kinetics model. The data were 
evaluated according to the following equations: 

Zero − ordermodel : Qt = Q0 + k0⋅t (7)  

where Qt is the amount of drug released at time t; Q0 is the initial 
amount of drug in solution (zero in our case); k0 is the zero order release 
constant. 

First − order model : logC = logC0 − k1t/2.303 (8)  

where C0 is the initial concentration of drug; C is the drug concentration 
remaining at time t; k1 is the first order release constant. 

Higuchi model : Qt = kH⋅t1/2 (9)  

where Qt is the amount of drug released at time t; kH is the release rate 
constant for the Higuchi model. 

Korsemeyer − Peppas model : Mt/M∞ = kKP⋅tn (10)  

where Mt/M∞ is the fraction of drug released at time t; kKP is the rate 
constant; n is the release exponent, indicative of the mechanism of drug 
release. First 60 % drug release data was fitted in Higuchi and Kors
meyer–Peppas model. 

3. Results and discussion 

In this research, we have successfully developed and presented ten 
gastroretentive AMOX formulations, leveraging the use of three inno
vative polymer matrices. These matrices were meticulously designed to 
possess the optimal attributes necessary for highly efficient gastro
retentive applications, surpassing the limitations of previous systems 
(Grosso and De-Paz, 2022). Through our exploration of AMOX formu
lations utilizing these matrices, we have laid the foundation for the 
future development of simpler and more effective strategies in 
combating this widespread infection. Our significant achievement lies in 
the discovery of a straightforward and remarkably efficient method for 
delivering antibiotics, with a specific focus on AMOX, renowned for its 
exceptional effectiveness and minimal resistance issues observed across 
diverse regions of the world. 

3.1. Preparation of guar gum-based multicomponent hydrogels 

Crosslinked Polymer 1 (a biodegradable polycarbonate) was suc
cessfully synthesized using a thiol-ene click reaction that took place 
within a colloidal solution of GG (Polymer 2), a polysaccharide 
renowned for its excellent mucoadhesive properties (Sharma et al., 
2021; Casiraghi et al., 2020) (Fig. 2). In this instance, Polymer 1 was 
synthesized through a photo-initiated process by reacting diallyl 
monomers (monomer CAR and monomer B) at different B:CAR ratios 
(20:80, 50:50, and 80:20) with the dithiol EDDET, and crosslinked using 
an 8 % molar ratio of TriT (Table 1). The three multicomponent 
hydrogels formed were designated based on the ratios of diallyl mono
mers utilized, namely, GG-p(B20CAR80), GG-p(B50CAR50), and GG-p 
(B80CAR20). This atom-economical polymerization process occurred in a 
single step and was previously validated in IPN formation studies, 
demonstrating its robustness (Sánchez-Cid et al., 2023; Grosso et al., 
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2023). The synthetic method’s reliability was confirmed by 1H NMR, 
regardless of the diallyl monomers ratio used (Grosso et al., 2023). NMR 
analyses, which enable quantitative composition determination, 
revealed that materials compositions closely matched the feed (± 2.5 
percentage points) for various diallyl monomer ratios (monomer CAR 
and monomer B). This finding indicates the reproducibility of the IPN 
preparation method. 

The utilization of guar gum at a 4 % concentration in the formation 
of IPN is grounded in its polysaccharide nature, enabling hydrogel for
mation within this specific range (3.79 % to 4 %). This concentration is 
particularly suited for RAFT systems where a high gel consistency is not 
a prerequisite (Kamsali et al., 2020). Furthermore, our investigation has 
revealed that maintaining a Polymer 1:Polymer 2 ratio of 1:1 is optimal 
for IPN formation, especially when chitosan serves as Polymer 2. This 
ratio choice, validated against alternative ratios (2:1, 1:1, and 1:2), has 
been shown to enhance the efficacy of IPN formation in this polymer 
combination, underscoring its significance in the development of 
advanced materials for various applications (Sánchez-Cid et al., 2023). 

As a result, the formation of stable and homogeneous three- 
dimensional networks that maintain their consistency over an 
extended period under bench conditions, was achieved. This behavior 
stands in stark contrast to the colloidal suspensions of GG alone, which 
rapidly disintegrate within a few hours, forming highly heterogeneous 
biphasic systems lacking gel-like consistency. All of it makes the final 
structure of the product to resemble a 3D network which may be capable 
of accommodating a drug. 

3.2. Characterization of guar gum-based semi-IPN hydrogels 

For the preparation of semi-IPN hydrogels as matrices in GRDDS, the 
biopolymer used in all the trials was GG due to its outstanding properties 
mentioned above. In this way, the generation of semi-IPNs resulted in 
more stable systems without chemically modifying GG, so its mucoad
hesive and biodegradable properties could stay untouched. Interest
ingly, the proven biodegradability of Polymer 1 under stomach-like 
environmental conditions, precisely where H. pylori resides, emerges as 
another crucial aspect (Grosso et al., 2023). Such biodegradability is 
imparted by the presence of acid-sensitive acetal groups (from monomer 
B) within its structure (Grosso et al., 2023). This characteristic is 
particularly interesting for gastroretentive formulations based on these 
multicomponent hydrogels as it ensures the matrices’ resilience to 
gastric motility while also guaranteeing their degradation once their use 
as a drug carrier for active pharmaceutical ingredients (APIs) ends, 
thereby preventing intestinal obstruction. Moreover, the evaluation of 
the influence that the percentage of these labile acetal groups in the IPNs 

(with different B:CAR ratios) in the drug release is one of our goals. 
The IPNs are anticipated to exhibit nontoxic properties since the 

degradation of Polymer 1 results in the release of acetaldehyde and 
biocompatible oligomers. The latter are naturally eliminated through 
biological processes such as feces excretion. In terms of acetaldehyde 
production, a single bead (dosage form) generates minimal amounts, 
ranging from 0.68 mg to 2.73 mg. Therefore, these amounts can be 
considered negligible, constituting only a minute fraction of the total 
bead weight. On the other hand, acetaldehyde is a natural degradation 
product in the metabolism of ethanol in the human body, and it is 
rapidly metabolized to acetic acid within the organism. In addition to 
the aforementioned characteristics, various parameters were examined 
for each hydrogel, and the findings are documented below. 

3.2.1. Rheological studies 
The rheological analyses were conducted on the samples after a 

minimum waiting period of 48 h post-preparation to ensure the tem
poral stability of the hydrogels. This extended waiting period was 
necessary due to the fact that GG hydrogels, in contrast to semi- 
interpenetrating polymer network (semi IPN)-based hydrogels, exhibit 
a loss of gel structure within a period of less than 48 h. Therefore, to 
ensure accurate and consistent rheological measurements, a waiting 
period of 48 h was implemented for all semi-IPN. After preparation, 
rheological studies of the GG hydrogel were conducted immediately to 
capture its optimal rheological properties without any delay. It is worth 
noting that the semi IPN-based hydrogels demonstrated stability for a 
period of 6 months without significant alterations in their rheological 
parameters. 

Table 3 provides the critical strain, plateau modulus, storage 
modulus, loss modulus, complex viscosity, and tangent delta values at a 
frequency of 1.00 rad/s for different semi-IPNs and the GG hydrogel as a 
blank. The experimental procedure commenced with strain sweep tests 
to identify the plateau region. The experimental data corresponding to 
the critical shear strain define the transition from linear to nonlinear 
viscoelastic behavior. It was noted that all the systems deviated from 
linearity beyond a strain of 0.388 %. 

Subsequently, frequency sweep tests were performed, revealing the 
formation of strong gels in all the systems (Table 3, Fig. 3). Particularly 
noteworthy were the significantly higher values of elastic modulus (G’) 
observed for the semi-IPN systems GG-p(B20CAR80) and GG-p 
(B80CAR20), where either the CAR monomer or the B monomer pre
dominated in the feed. The multicomponent GG-p(B50CAR50) system 
showcased a distinct frequency dependency, similar to the case when 
(2R,3R)-N,N’-diallyltartramide (TAR) was employed as the co-monomer 
in the same proportion [GG-p(TAR50 B50)] (Grosso et al., 2023). Across 

Fig. 2. Scheme for GG-based semi-IPN preparation. A unified approach for single-step multicomponent hydrogel synthesis by click chemistry.  
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the frequency range, this system exhibited a steep slope, with Gʹ values 
at high frequencies nearly one order of magnitude greater than loss 
modulus (Gʹ́ ) values. This behavior indicated an enhanced solid-like 
response with increasing frequency. "The plateau modulus, G0

N, was 
determined as the Gʹ value at the frequency where the loss tangent (tan 
δ) reaches its minimum (Liu et al., 2006). This modulus can be consid
ered a measure of the degree of aggregation of the dispersed structural 
units or the density of physical entanglements, and therefore, it is 
related to the strength of the microstructural network (Baumgaertel and 
Winter, 1992). Notably, the rheological properties of the prepared sys
tems were significantly influenced by their composition. 

In essence, the entanglement between the polymer chains of Polymer 
1 and Polymer 2 (GG) plays a crucial role in the rheological properties of 
the final products, ensuring the long-term stability of the three- 
dimensional scaffold for months under bench conditions while remain
ing biodegradable when submerged in simulated gastric fluids. 

3.2.2. Microstructure, floating, swelling and mucoadhesive properties of 
multicomponent hydrogels 

The examination of IPN buoyancy, swelling, and mucoadhesive 

properties (Table 4) showcased their significant potential as matrices in 
GRDDS. Swelling studies play a crucial role in understanding the drug 
release dynamics in GRDDSs (Amin et al., 2016). The swelling behavior 
of the matrices can significantly influence the release kinetics of 
encapsulated drugs, as biological fluids must enter the multiporous 
systems for drug dissolution testing. The release mechanisms can be 
driven by Fickian diffusion, erosion, swelling, or a combination of these 
processes. For example, the presence of GG in metronidazole formula
tions has been shown to facilitate solvent transfer to the drug cargo, 
resulting in sustained drug release attributed to GG hydration and 
swelling (Amin et al., 2016). This highlights the importance of under
standing the impact of matrix composition on drug release kinetics. 
Furthermore, non-Fickian release is characterized by a high diffusion 
exponent value, while anomalous diffusion indicates a coupling of 
diffusion and erosion mechanisms, suggesting that the drug release is 
controlled by more than one process (Siepmann and Peppas, 2012). 
Thus, as water ingresses from the outer side to the bead core, the outer 
gel layer starts to erode, leading to a progressive decrease in volume and 
reduction in formulation weight (Ranade et al., 2012). The prepared 
matrices demonstrated significant swelling capacities (Table 4), which 
undoubtedly will have a significant impact on the release kinetics of 
encapsulated AMOX when employed in GRDDSs (Brannon-Peppas et al., 
1990). On the other hand, the microstructural analysis of the prepared 
systems indicated superporous architectures, as depicted in SEM images 
(Fig. 4), contributing to the observed swelling behavior. This charac
teristic is attributed to interconnected pores facilitating water penetra
tion into the 3D network, resulting in capillary-driven swelling 
(Bardonnet et al., 2006). 

Stability studies of the multicomponent hydrogels in SGF at pH 5.0 
were conducted to understand their behavior as matrices in GRDDS, 
measuring the mass of IPN at predetermined intervals after immersion in 
SGF at 37 ◦C (Fig. 5). The beads swelled, absorbing significant amounts 
of the fluid medium, followed by a phase of mass loss due to polymer 
disentanglement and erosion. As it will be assessed in Section 3.4, these 
processes, along with drug diffusion gradients, govern the release ki
netics observed in 14 out of the 20 AMOX release assays (Anomalous/ 
non-Fickian diffusion), with complete degradation within 48 h in all 
cases. 

Furthermore, two out of the three semi-IPN prepared [GG-p 
(B50CAR50) and GG-p(B80CAR20)] displayed floating properties 
(Table 4). The development of buoyant systems represents a key strategy 
to attain successful GRDDSs (Iglesias et al., 2020). Various types of 

Table 3 
Critical strain, plateau modulus (Go

N) storage modulus (Gʹ
1), loss modulus (Gʹ́

1), complex viscosity (η∗1) and tangent delta [tan (δ)] values at 1.00 rad/s for the different 
semi-IPNs evaluated and GG hydrogel as a blank.  

Semi-IPN Critical Strain (%) Go
N (Pa) G1́(Pa) Gʹ́

1 (Pa) η∗1 (Pa.s) tan (δ)1 

Blank GG 0.038 ± 0.004 454.1 ± 13.6 140.1 ± 4.21 91.1 ± 2.7 143.9 ± 4.3 0.65 ± 0.02 
GG-p(B20CAR80) 0.008 ± 0.001 3179.9 ± 65.4 2763.3 ± 82.3 590.9 ± 17.7 2837.6 ± 85.0 0.21 ± 0.01 
GG-p(B50CAR50) 0.073 ± 0.003 1028.0 ± 30.8 418.7 ± 12.6 202.0 ± 5.1 429.8 ± 10.9 0.48 ± 0.02 
GG-p(B80CAR20) 0.388 ± 0.013 5560.2 ± 121 4940.0 ± 128.2 1110.2 ± 23.3 5071.4 ± 132.1 0.22 ± 0.01  

Fig. 3. Frequency sweep tests of the different systems evaluated: GG-p 
(B20CAR80), GG-p(B50CAR50), and GG-p(B80CAR20) and guar gum as blank. 

Table 4 
Swelling, floating and mucoadhesive studies of the multicomponent hydrogels.  

Semi-IPN Floating lag time (min) Floating time (min) Swelling indexa 

(%) 
Mucoadhesionb 

(h) 

GG-p(B20CAR80) — 0 435 ± 48 38 ± 0.3 
GG-p(B50CAR50) 18 ± 2 >720 368 ± 35 30 ± 0.4 
GG-p(B80CAR20) 0 240 ± 10 434 ± 40 30 ± 0.2  

a Swelling indexes represent the number of times the system absorbed an amount of water equivalent to its weight (in percentage). bMucoadhesion tests measure the 
period the beads keep adhere to artificial gastric mucosa. 

Floating assay conditions: mass of IPN beads = 50 mg; floating solution: saline solution 0.11 M; T: 37 ◦C. 
Swelling assay conditions: mass of IPN beads = 50 mg; swelling solution: distilled water; T = 37 ◦C; soaking time = 2 h. 
Mucoadhesive assay conditions: mass of IPN beads = 50 mg; adherent surface: artificial gastric mucosa; liquid medium: simulated gastric fluid; pH: 5.0; agitation: 

150 rpm; T = 37 ◦C. 
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systems have been designed as AMOX-GRDDSs, ranging from floating 
beads (Rajinikanth and Mishra, 2009) to floating in situ gelling system 
(Patel et al., 2011; Rajinikanth et al., 2007), floating capsular devices 
obtained by 3D printing (Charoenying et al., 2020), bilayer floating 
tablets (Ranade et al., 2012), hollow tablets (Rossi et al., 2016), floating 
raft systems (Kamsali et al., 2020) or floating microballoons and/or 
spheres (Awasthi et al., 2012). In general terms, the formulations pro
posed for buoyant AMOX-loaded GRDDSs typically include two or three 
additional excipients to ensure buoyancy during the expected release 
period. However, the lack of examples where floatability is solely 
determined by the microstructure of the system suggests the need to 
address the costly and ecologically impactful excipient-containing 
approach in future GRDDS designs. The noteworthy aspect of the sys
tems described in this study is that they exhibit inherent floating prop
erties without the requirement of additional excipients and this 
characteristic represents a significant advancement compared to other 
formulations previously reported. Special attention should be thrown to 
GG-p(B50CAR50) which was capable of floating for more than 12 h. 

Additionally, in the quest to eliminate H. pylori infection, mucoad
hesive dosage forms prove particularly advantageous for developing 
GRDDS. These forms can adhere to the stomach wall, prolong their 
retention in the gastrointestinal tract (Zhao et al., 2014), and thereby 
enhance the localized action of the drug in the infected area (Mandal 
et al., 2016). The development of dual-action formulations, specifically, 
floating and mucoadhesive systems for the treatment of H. pylori in
fections, represents an interesting approach to significantly prolong the 
gastric residence time of AMOX. A recent review on AMOX-loaded 
GRDDSs provides a few examples of such systems (Grosso and De-Paz, 
2022). All prepared matrices exhibited outstanding mucoadhesive 
properties, remaining adhered to the mucosa for over 24 h, as indicated 
in Table 4. These exceptional mucoadhesive properties were attributed 

to the presence of GG in all compositions, a characteristic unaffected by 
the growth of Polymer 1 within its colloidal suspension. 

In summary, the notable swelling, mucoadhesive and buoyant 
properties, coupled with their stable three-dimensional scaffold-like 
structures and biodegradability under gastric conditions, position these 
superporous hydrogels as potentially ideal matrices in gastroretentive 
formulations for drug encapsulation and release. This is particularly 
relevant for AMOX, the primary focus of the current study. 

3.3. Drug loading and experimental design methodology for in vitro drug 
release studies 

The current research primarily focuses on encapsulating the key 
antibiotic utilized for treating H. pylori infections, AMOX, within the 
developed polymeric matrices. To prevent an initial burst effect upon 
administering the formulation, the incorporation of the drug as a solid 
was discarded (Venkateswaramurthy et al., 2011). Instead, AMOX was 
loaded into the systems dissolved in DMSO, a nontoxic solvent at these 
concentrations (Galvao et al., 2014). 

The impact of AMOX cargo and formulation composition on in vitro 
cumulative drug release (CDR) was evaluated using a Box-Behnken 
experimental model design, a response surface methodology (RSM) 
approach. Its significance lies in its ability to determine the most 
influential variables and any synergistic or antagonistic effects between 
them. By using the Box-Behnken design, we can determine the optimal 
conditions for drug release, ensuring that the drug is released at the right 
time and in the right amount, thereby improving the overall treatment 
outcome (Iglesias et al., 2020; Iglesias et al., 2018). The Box-Behnken 
experimental design is employed in this study to optimize AMOX con
centration and allyl monomer ratio (CAR and B) in Polymer 1 formation. 
The AMOX concentration is chosen based on its minimum inhibitory 

Fig. 4. SEM images from (a) GG-p(B20CAR80); (b) GG-p(B50CAR50); (c) GG-p(B80CAR20).  

Fig. 5. In vitro degradation patterns of GG-based hydrogels conducted at pH 5.0 and 37 ◦C in SGF.  
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concentration (MIC) and frequent stomach replenishment, ensuring that 
even with CDR of 25 % in the lowest AMOX cargo, the MIC is met. The 
allyl monomer ratio is selected to ensure matrix degradability, influ
enced by monomer B concentration, impacting bead erosion, disinte
gration, and drug release profile. This approach enables determination 
of optimal conditions for drug release, enhancing treatment outcomes. 

Ten AMOX-loaded semi-IPN-based formulations were prepared for 
this purpose (Table 2). These formulations involved different pro
portions of AMOX in the GRDDS, with final percentages fixed at 10 %, 
25 %, or 40 % (w/w) (1st independent variable). Additionally, the IPN 
composition was varied by adjusting the molar percentage of the labile 
diallyl monomer (monomer B) in Polymer 1 (2nd independent variable). 
The ratios of monomer B, in mol percentages, were set at 20 %, 50 %, or 
80 % [designated as p(B20CAR80), GG-p(B50CAR50) and GG-p 
(B80CAR20), respectively]. As stated before, the different ratios of 
monomer B and monomer CAR in the hydrogels (Table 1) offer an 
intriguing aspect for investigating the CDR from the AMOX-loaded for
mulations. This is attributed to the variable biodegradability of the 
multicomponent hydrogels in the stomach, which has the potential to 
influence the release profile of AMOX. 

In the proposed experimental design (Table 5), both independent and 
dependent variables have been normalized and correlated. Each prop
erty value in this study represents the average of three experimental 
results. The deviations of these parameters from their respective means 
were all found to be less than 5 %. 

During the dissolution studies, the cumulative AMOX release was 
monitored at 37 ◦C, under pH conditions of 1.2 (SGF-1.2) and 5.0 (SGF- 
5.0). The selection of pH conditions in experimental investigations is a 
pivotal factor in assessing the effectiveness of therapeutic interventions. 
In this regard, dissolution studies were conducted at pH values repre
senting the typical physiological range (pH 1.2) for comparative pur
poses with other systems, and at pH 5.0. It is a key aspect of the current 
work the decision to employ a pH of 5.0 in the research presented herein 
is grounded in the established necessity for an elevated intragastric pH 

milieu during anti-H. pylori treatment protocols, as mentioned above. In 
clinical practice, it is customary to co-administer proton pump inhibitors 
or potassium-competitive acid blockers alongside antibiotics to modu
late gastric pH. Consequently, patients undergoing treatment for 
H. pylori infections frequently exhibit a less acidic gastric environment, 
(close to pH 5), in contrast to the lower pH levels observed in healthy 
individuals. 

Table 5 displays the CDR values after 8 h and 24 h at pH 1.2 (F1-F10) 
and 5.0 (F1’-F10’). Remarkably, previously published AMOX release 
studies from floating devices were performed almost exclusively at pH 
1.2. It is noteworthy that, although this is the pH of stomach under 
fasting conditions, it will not be the pH encountered in the surrounding 
of H. pylori-infested stomach tissue, which leads to higher pH figures 
than those found in healthy, empty stomachs (Thombre and Gide, 2016). 
Additionally, these values cannot be extrapolated for AMOX release at 
less acidic pH levels because the solubility of AMOX (Felix et al., 2016), 
and thus its release profile, is pH-dependent in gastric fluids. On the 
other hand, the decision to use the CDR figures after 8 h is based on its 
common usage as a reference time in other research studies (Tripathi 
et al., 2012; Amin et al., 2016; Awasthi et al., 2012; Ranade et al., 2012). 
However, it is also important to track the drug release for 24 h, as the 
objective of the present work is to achieve sustained and prolonged 
AMOX release in the stomach to effectively combat H. pylori infections. 
Moreover, another aspect to be taken into consideration is the diversity 
of drug cargo in each system, which ultimately influences the area under 
the curve (AUC) for AMOX and, consequently, the quantity of drug 
available in the stomach to exert its antibacterial action. Despite the 
significance of this information, it is often not explicitly included in 
research papers. In our case, this information is specifically incorporated 
(Tables 2 and 5). The amount of AMOX loaded into the formulations did 
not exceed 33.5 mg per 50 mg of polymer, which may seem significantly 
lower that the usually prescribed dose for AMOX (1 g/day (Villegas 
et al., 2021)), even when using 10 times the size of the sample. However, 
it must be highlighted that such amount of AMOX may not be needed 

Table 5 
Cumulative AMOX release at 8 h and at 24 h at pH 1.2 (F1-F10) and pH 5.0 (F1’-F10’) from formulations with varying ratios of monomer B in multicomponent 
hydrogels and different initial AMOX cargo.  

aMolar ratio in percentage of monomer B in the feed related to total allylic monomers. bEach value is the average of three samples (p < 0.05). 
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when using these GRDDSs, as it was already stated in similar studies 
considering that the reported minimum inhibitory concentration (MIC) 
for AMOX in the stomach to eradicate H. pylori is around 0.5 μg/mL 
(Rossi et al., 2016). Specifically, the authors demonstrated that a dose of 
200 mg of AMOX loaded into a sustained-release system could maintain 
concentrations in the stomach up to six fold higher than that corre
sponding to MIC for a prolonged time (Rossi et al., 2016). Therefore, if 
the evaluated polymeric systems were able to achieve a successful local 
delivery, doses as low as that (or even lower) could be loaded into them 
and effectively eradicate the pathogen. 

The data obtained from the release assays at 8 h and 24 h (Table 5) 
were mathematically analyzed and a set of equations was derived and 
presented in Table 6. The analyses conducted at both time points have 
proven to be crucial for gaining a comprehensive understanding of the 
underlying dynamics that govern the drug release from these matrices 
and the findings will be discussed below. 

Determining the independent variables that have the greatest and 
least influence on the dependent variable in the equations presented in 
Table 6 poses a challenge due to the inclusion of interactions between 
two independent variable terms. To address this complexity, Fig. 6 il
lustrates a graphical representation of the relationship between the 
studied variables. This figure provides a comparison of CDR at the two 
studied pH values, after 8 h (Fig. 6a) and 24 h (Fig. 6b). 

The surface response of CDR at 8 h is depicted in Fig. 6a. In general, 
CDR values were higher at pH 1.2 compared to pH 5.0. This phenome
non can be attributed, in part, to the enhanced solubility of AMOX at pH 
1.2, where it exists predominantly in its cationic form due to protonation 
of its ionizable groups. In contrast, at pH 5.0, AMOX primarily adopts its 
zwitterionic form, which is less soluble in an aqueous medium (AMOX 
acidic ionization constants: pKa R − COOH: 2.90; pKa R − NH+

3 : 7.40 
(Felix et al., 2016). It is well-established that the release of drugs from 
polymeric matrices necessitates an initial dissolution step in the me
dium, allowing only the soluble fraction to diffuse from the formulation 
(Ahuja et al., 2007). 

Remarkably, the most influential factor governing overall drug 
release seemed to be the initial AMOX cargo, as indicated by the pro
nounced slope of the represented surfaces concerning the initial AMOX 
concentration and the governing CDR equations (Table 6). In contrast, 
the content of monomer B regarding allyl monomers in the feed exerted 
a less significant influence in 8-hour studies. 

Thus, at both pH, the minimum amounts of AMOX in the formula
tions (10 % by weight) resulted in the maximum release. Specifically, pH 
1.2 exhibited the highest CDR values, particularly at low and medium 
AMOX levels, while similar figures were observed at both pH for high 
AMOX concentrations. The inverse relationship between initial drug 
cargo and CDR contradicts findings published by others (Venkateswar
amurthy et al., 2011; Hadke and Khan, 2021), where higher drug con
centrations result in greater release. One possible explanation for our 
results is that the interpenetrated structures can swell in gel-like sys
tems, leading to improved mechanical properties but substantially 
reducing SGF circulation. Additionally, the presence of the drug in the 
pores of the gel matrix decreases the free volume available for SGF 
circulation, hindering the delivery of the dissolved drug by diffusion. 
Furthermore, in other systems, formulations with lower drug loading are 
analyzed, which may not saturate the system, ensuring free circulation 

of the aqueous medium (Venkateswaramurthy et al., 2011). 
On the other hand, the evolution of CDR with changes in the content 

of monomer B regarding allyl monomers varied depending on the pH 
and the initial AMOX cargo. At pH 1.2, increasing the amount of 
monomer B in the polymer while keeping the AMOX cargo at its lowest 
resulted in higher values of cumulative drug release. 

Furthermore, when the semi-IPN used had the highest monomer B 
content [GG-p(B80CAR20)], the CDR at pH 1.2 significantly depended on 
the AMOX cargo. Hence, the highest values of CDR of all the experiments 
conducted at such pH were found at the highest levels of monomer B in 
the polymer and lowest levels of AMOX. Conversely, the lowest CDR 
values of all the series were observed when the formulations constituted 
by such semi-IPN were loaded with the maximum AMOX cargo tested. 

Intriguingly, Fig. 6b, that records the results for 24-h analyses, ex
hibits a distinct behavior when compared to the observations at 8 h. In 
general, and as expected, higher levels of cumulative amoxicillin release 
were achieved at 24 h for both pH values. At the 24-hour mark, and 
following the tendency found in 8-hour analyses, the values for cumu
lative amoxicillin release at pH 1.2 were significantly higher than those 
found at pH 5.0. 

Conversely, the significant finding from the experiments at 24 h was 
that the relative impact of monomer B content on cumulative drug 
release (CDR) increased compared to AMOX cargo. Thus, at pH 1.2, the 
influence of the independent variable monomer B content outweighed 
that of amoxicillin concentration on CDR. This augmented effect of the 
variable B content can be attributed to the degradability of Polymer 1, a 
property that may contribute to the loosening of the polymeric matrices, 
consequently facilitating drug release (Iglesias et al., 2020). 

Indeed, acetal hydrolysis is influenced by the pH of the medium, with 
more pronounced effects observed as the pH becomes more acidic. 
Previous research indicated that at pH 5.0 (Liu and Thayumanavan, 
2017), approximately 60 % of molecules in a sample of a small 
acetal-derived compound (prepared from acetaldehyde) underwent 
hydrolysis of acetal groups within 5 h. When studying the degradability 
of the same type of acetals in polymeric structures, a reduction in the 
degradation pattern was observed (Grosso et al., 2023).Therefore, it was 
expected that the hydrolysis of Polymer 1 in the synthesized GRDDS 
matrices would require even more time to achieve similar degradation 
percentages at pH 5.0. Certainly, component B was not statistically 
significant in the 8-hour release studies, but it became statistically 
relevant when the system was submerged in SGF at both pH 1.2 and pH 
5.0 for 24 h, although the relative influences of both independent var
iables were more comparable at pH 5.0. 

3.4. Kinetic studies on AMOX release 

The presented facts recorded above become evident when the release 
profiles over time are depicted at different pH conditions (pH 1.2, Fig. 7; 
pH 5.0, Fig. 8). At pH 1.2, it was observed that the range of release 
varied from 35 to 100 % within 24 h (Table 5); this variability in release 
percentages is particularly intriguing due to the diverse values observed. 
The percentage of released AMOX was clearly dependent on the initial 
AMOX loading (Fig. 7a-7c), with values differing to each other by more 
than 50 percentage points (values in the range from 52.93 to 57.24) at 
24 h. 

Table 6 
Equations yielded for cumulative drug release (CDR) at 8 h and at 24 h as a function of the independent variables (normalized values) from the experimental design.  

Equation R2 df F 

CDR(pH1.2;8h) = 13.5978⋅ AMOX 2 − 22.9655⋅ AMOX − 3.8071⋅ AMOX ⋅B+ 30.1691 0.984 3.6 102.36 
CDR(pH5.0;8h) = 8.9249⋅AMOX2 − 12.1104⋅AMOX+ 5.9931⋅AMOX⋅B+ 13.4900 0.943 3.6 28.35 
CDR(pH1.2;24h) = − 3.9899⋅B2 − 4.0111⋅B − 28.0046⋅AMOX+ 71.3528 0.993 3.6 727.77 
CDR(pH5.0;24h) = 16.7003⋅A2OX2 − 15.0510⋅AMOX+ 4.6667⋅AMOX⋅B − 8.8499⋅B2 + 23.6313 0.964 4.5 34.44 

AMOX: initial cargo of amoxicillin in the formulations (normalized values); B: content of monomer B regarding allyl monomers (normalized values); CDR: cumulative 
drug release. 
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Additionally, a well-controlled AMOX release close to 100 % was 
achieved at pH 1.2 for the systems with an initial AMOX loading of 10 % 
(Fig. 7d). Moreover, the cumulative AMOX release showed minimal 
variation when transitioning from one semi-IPN to another (Fig. 7d-f). 

In the release kinetics of AMOX conducted at pH 5.0, several sig
nificant findings emerged. Firstly, the cumulative AMOX release ranged 

from 10 to 59 % within 24 h (Table 5), with a notable decrease in CDR 
compared to pH 1.2 in all studied systems. This is in accordance with the 
findings from previous studies on mucoadhesive systems (Onuigbo et al., 
2016; Moogooee et al., 2011). The release studies of AMOX conducted 
on floating GRDDSs are commonly examined at pH 1.2. Similarly, the 
release behavior of AMOX in mucoadhesive systems is primarily 

Fig. 6. Response surfaces for the cumulative release of amoxicillin at pH 1.2 and pH 5.0 after (a) 8 h and (b) 24 h.  

Fig. 7. (1st part). Comparative plots of cumulative AMOX release (%) at pH 1.2 regarding monomer B content and initial AMOX cargo. (2nd part). Comparative 
plots of cumulative AMOX release (%) at pH 1.2 regarding monomer B content and initial AMOX cargo. 
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investigated at pH 1.2. However, and in contrast to the floating systems, 
some studies in mucoadhesive formulations have also been carried out 
at pH 5.0 (Villegas et al., 2021) or pH ca. 7.0 (Onuigbo et al., 2016; 
Moogooee et al., 2011; Arif et al., 2021) (simulating gastric acid, gastric 
mucosa or optimal H. pylori survival conditions, respectively). The re
sults indicated that in vitro AMOX release rates were higher at pH ≈1 
compared to those observed at pH ≈7 (Onuigbo et al., 2016; Moogooee 
et al., 2011). 

Secondly, as observed at pH 1.2, the CDR was more pronounced in 
formulations with lower initial AMOX loading, as evident in Figs. 8d-8f. 
Thirdly, the differences in drug release from formulations using the 
same semi-IPN and with an initial AMOX loading of 25 % and 40 % were 
not as marked (in some cases less than 10 percentage points) as those 
observed at pH 1.2. For instance, whereas at pH 1.2, F2/F3 (Fig. 7a) 
exhibited a difference of 24.64 percentage points in CDR, at pH 5.0, the 
corresponding drug release experiments (F2′/F3′, Fig. 8a) showed only a 
4.74 percentage point difference. 

Furthermore, it was corroborated that with the same semi-IPN 
(Fig. 8a-c), the differences in released AMOX also varied substantially 
depending on the initial AMOX loading, though not as prominently as at 
pH 1.2 (Fig. 7a-c). At pH 5.0, CDR varied within the range of 19.68 to 
39.05 percentage points at 24 h when using the same multicomponent 
hydrogel. 

At equal AMOX loading, the cumulative AMOX release plots 
exhibited more significant variation when transitioning from one system 
to another, in contrast to experiments conducted at pH 1.2 (compare 
Fig. 7d-f with the corresponding plots at pH 5.0 Fig. 8d-f). This behavior 
was previously noted in Box-Behnken studies and is attributed to the 
lower lability of acetal linkages at pH 5.0 compared to pH 1.2 and not to 

other factors such as GG-related effects. In contrast with ionic polymers, 
and as observed for other non-ionic polymers (Venkateswaramurthy 
et al., 2011), swelling of GG is not affected by pH variation. Therefore, a 
similar retardation effect on AMOX release due to GG is expected to 
occur at pH 1.2 and at pH 5.0 in GG-based formulations. 

Subsequently, the in vitro release data were fitted into various release 
equations and kinetic models like zero-order, first-order, Higuchi 
equations and Korsmeyer–Peppas model (Singhvi and Singh, 2011). 
Regression coefficients (R2) were determined to identify the most suit
able model for describing the release kinetics. The results are presented 
in Table 7 for assays conducted at pH 1.2, and Table 8 for assays per
formed at pH 5.0. Among the various release kinetic models, the 
Korsmeyer-Peppas model exhibited the best fit for the in vitro dissolution 
data at pH 1.2, followed by the Higuchi model and first-order equation 
(Korsmeyer-Peppas > Higuchi model ≈ first order). For assays at pH 5.0, 
the Korsmeyer-Peppas model was also found to be the most suitable, 
followed by the Higuchi model (Korsmeyer–Peppas > Higuchi). 

Remarkably, the Korsmeyer-Peppas model provided an excellent 
approximation of the release behavior of the systems, yielding R2 values 
greater than 0.99 and 0.95 for all dissolution studies conducted at pH 1.2 
and 5.0, respectively. In Eq. (10) of the Korsmeyer-Peppas model, the 
release exponent n indicates the mechanism of drug release. For the 
formulation under study, which involves spherical beads, Eq. (10) holds 
two distinct and physically realistic interpretations in these two special 
cases (Ritger and Peppas, 1987; Ritger and Peppas, 1987): (a) n = 0.43, 
indicating diffusion-controlled drug release (Fickian diffusion), and (b) 
n = 0.85, indicating swelling-controlled drug release (Case-II transport). 
Values of n between 0.43 and 0.85 suggest the superposition of both 
phenomena, signifying anomalous transport. At pH 1.2 (Table 7), a 

Fig. 8. (1st part). Comparative plots of cumulative AMOX release (%) at pH 5.0 regarding monomer B content and initial AMOX cargo.(2nd part). Comparative 
plots of cumulative AMOX release (%) at pH 5.0 regarding monomer B content and initial AMOX cargo. 
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release mechanism related to dynamic swelling (Case-II transport) was 
observed in 4 out of 10 samples, while the remaining 6 formulations 
exhibited anomalous transport, indicating the superposition of both 
phenomena, diffusion-controlled and swelling-controlled drug release. 
On the other hand, the analysis of the dissolution data obtained at pH 
5.0 (Table 8) revealed diffusion-controlled drug release for the formu
lations in which the matrix was GG p(B20CAR80) (F1’, F2’, and F3’). For 
the kinetics observed in the dissolution of AMOX from the other for
mulations, the trend leaned towards anomalous transport. 

3.5. AMOX-VONO formulations. preeliminary studies 

The favorable properties of the potassium-competitive acid blocker 
(P-CAB) VONO highlight the importance of investigating the AMOX- 
VONO combination and analyzing drug release mechanisms within the 
hydrogel matrix. Understanding the interaction between AMOX and 
VONO is crucial for ensuring improved efficacy comparable to tradi
tional therapy, in eradicating H. pylori while reducing antibiotic misuse 
(Kiyotoki et al., 2020; Suzuki et al., 2020; Astruc et al., 2017). In such 
dual formulations, controlled release of AMOX is necessary, as is the 
complete delivery of VONO in the early stages following administration. 

The feasibility of co-administering AMOX and VONO in a single 
multicomponent hydrogel-based formulation was investigated using the 
IPN GG-p(B20CAR80). Initial trials revealed that, in formulations where 
only VONO was loaded in the IPNs, its release from the GG-based 
matrices (initial cargo: 4 mg, 7.4 % drug loading, sufficient for a sin
gle dose to raise stomach pH for 24-hour) was not fully achieved within 
an 8-hour period (VONO release: 44.33 %), and the required VONO 
concentration for a 24 h stomach pH increase was not met. This 

phenomenon may be due to the effective encapsulation of VONO within 
the three-dimensional network of the IPN. While these results are not 
ideal in this specific context, they could be of interest in the development 
of other GRDDS formulations using the designed IPN matrices. 

However, when VONO (4 mg, 7.4 % drug loading) was loaded 
sequentially after AMOX (10 % drug loading), the former was 
completely released within 1.5 h, while the controlled release of AMOX 
was unaffected (at 8 hour period, cumulative AMOX release was 63.90 
± 1.32 %, very close to the figures achieved by the equivalent AMOX- 
loaded GRDDS: 65.18 ± 0.75 %). In such trials the matrix used was 
the same as in the previous experiments [GG-p(B20CAR80)]. 

These drug delivery dynamics demonstrated that both drugs (AMOX 
and VONO) did not influence each other in their release profiles. This 
suggests that the initial addition of AMOX hindered the encapsulation of 
VONO within the IPN matrix, which keep it in the outer parts of the 
beads, leading to its first burst release and subsequently allowing the 
sustained release of AMOX. Furthermore, as previously stated, the Box- 
Behnken experimental design, a response surface methodology (RSM) 
approach, was employed to optimize the concentration of AMOX and the 
ratio of allyl monomers (CAR and B) in the formation of Polymer 1. This 
optimization ensures precise AMOX release timing and dosage, ulti
mately enhancing the overall treatment effectiveness. 

4. Conclusions 

In conclusion, this research has successfully developed ten innova
tive gastroretentive formulations loaded with AMOX, utilizing three 
distinct polymer matrices. These matrices were carefully designed to 
possess optimal attributes, surpassing limitations of previous systems, 

Table 7 
Mathematical modeling and release kinetics of amoxicillin for the prepared formulations (F1-F10) at pH 1.2.  

Table 8 
Mathematical modeling and release kinetics of amoxicillin for the prepared formulations (F1’-F10’) at pH 5.0.  
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and laying the groundwork for more efficient strategies in combating 
H. pylori infections. The novel matrices displayed superporous micro
structures with exceptional mucoadhesive properties, buoyancy, and 
biodegradability in the gastric environment. Polymer 1, in conjunction 
with guar gum, provided a stable three-dimensional scaffold with pro
longed drug release, while remaining biodegradable to prevent intesti
nal obstruction. 

The formulations showed promising results, displaying a super
porous architecture with significant swelling upon contact with bio
logical fluids, and demonstrating prolonged drug release. Their 
performance as gastroretentive drug delivery systems for AMOX was 
assessed at different pH levels, providing valuable insights into their 
release kinetics and mechanisms. The Korsmeyer-Peppas model was 
found to best fit the in vitro dissolution data, indicating a combination of 
diffusion-controlled and swelling-controlled drug release. 

Furthermore, the co-administration of VONO and AMOX within a 
single system was explored and the feasibility of incorporating both APIs 
into a unified formulation employing these multicomponent hydrogels 
was demonstrated. Importantly, the release profile of AMOX remained 
unaffected despite its presence alongside VONO in the formulation. In 
the upcoming phase of the research, the focus will shift towards inves
tigating the toxicity of the formulations in various tissues to ensure their 
safety for clinical applications. Scaling up the production of these for
mulations to meet the requirements of preclinical and clinical studies 
will be a key objective as well as in-vivo trials to evaluate their effec
tiveness in combating H. pylori infections. 

In summary, these advanced gastroretentive formulations hold sig
nificant promise for precise and effective drug delivery, with a specific 
focus on combating H. pylori infections and preventing gastric cancer. 
Their capacity to simultaneously administer VONO for rapid absorption 
and ensure controlled release of AMOX underscores their potential. 
These combined formulations mark a substantial advancement in the 
treatment of H. pylori infections, offering a combination of ideal prop
erties and sustained release mechanisms. This innovation introduces 
novel opportunities for enhancing therapeutic strategies, ultimately 
benefiting individuals at risk of gastric cancer development. 
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