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A B S T R A C T   

Current efforts in stomach-related drug design focus on improving drug bioavailability within the 
gastric region. Bacterial nanocellulose (BNC) has been established as a suitable material for drug 
delivery systems; however, it lacks adhesion to the gastric environment. This limitation can be 
addressed by leveraging the mucoadhesive properties of low molecular weight chitosan (LMWC). 
Therefore, we aimed to develop mucoadhesive capsules constructed from BNC coated with 
crosslinked LMWC, intended for targeted drug delivery in the gastric region. The capsules were 
characterized using scanning electron microscopy, infrared spectroscopy, thermogravimetric 
analysis, and mucoadhesion assessments. Under acidic conditions, crosslinked chitosan exhibited 
enhanced swelling relative to neutral conditions. The coating of chitosan onto the BNC fibrillar 
network of the capsules resulted in the superimposition of vibration bands and enhanced thermal 
stability. Furthermore, the capsules exhibited significant mucoadhesive properties in the gastric 
environment, with an attachment force measuring 89.151 ± 6.226 mN. To validate the efficacy of 
the system, we utilized antioxidant turmeric extract (TE) as a bioactive compound with chemo
preventive potential against stomach cancer. TE was adsorbed onto BNC in a reversible multilayer 
system, enabling controlled adsorption and desorption. These findings highlight the significance 
of developing mucoadhesive capsules as a tailored drug delivery system for gastric conditions, 
particularly in the context of treating stomach diseases as cancer.   

1. Introduction 

Bacterial nanocellulose (BNC) constitutes a natural polysaccharide composed of linked units of β-1,4-D-(+)-glucose [1]. BNC serves 
as an efficient drug delivery system for bioactive compounds due to its mechanical attributes, biocompatibility, adsorption capacity, 
and delivery efficiency [2]. It has also been utilized for encapsulating natural extracts, such as curcumin, to enhance their bioavail
ability [3,4]. Notably, BNC has received recognition as a safe substance by the USA Food and Drug Administration (FDA) since 1992 
and has found applications as a dietary fiber [5,6], food additive, and food substitute, offering benefits such as reduced calorie and fat 
intake, improved formulation viscosity and stability, and reduced moisture loss from food products [5,6]. Furthermore, it has been 
employed for immobilizing compounds and facilitating their passage through the gastrointestinal system. However, its application for 
drug delivery to the stomach has remained limited owing to its lack of mucoadhesive properties with stomach mucus [7–11]. 
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Chitosan, a biopolymer derived from partial deacetylation of chitin, has surfaced as a mucoadhesive [12]. Comprising 2-acet
amide-2-deoxy-β-D-glucose and 2-amine-2-deoxy-β-D-glucose units [7,13], chitosan stands out for its biocompatibility, biodegrad
ability, and ability to generate mucoadhesion via its positive surface charge [4,5]. 

Mucoadhesive systems play a pivotal role in cancer chemoprevention and drug delivery by enhancing the bioavailability of active 
agents and extending the interaction time between drugs and membranes, thus promoting drug penetration into mucosal layers [7,8]. 
Moreover, mucoadhesives shield drugs from degradation by gastric acids [8,9]. Chitosan’s mucoadhesive properties are subject to 
control by both physiological and physicochemical factors [5]. For instance, a decrease in chitosan’s molecular weight results in 
stronger adhesion and deeper interpenetration owing to its shorter chain length [6,7]. Additionally, chemical crosslinking reduces the 
solubility of chitosan under acidic conditions [8]. Various crosslinking methods, such as covalent or ionic bonds using substances like 
sodium tripolyphosphate (TPP), have been employed, given their safety profile as FDA-approved food and oral drug additives at low 
concentrations [14–17]. 

Van der Lubben et al. (2003) harnessed TPP crosslinking via agitation, sonication, and lyophilization to create chitosan micro
particles loaded with diphtheria toxoid (DT) for oral and nasal administration. Their findings indicated a significant increase in 
systemic and local responses following oral administration of DT-loaded chitosan microparticles, yielding dose-dependent systemic 
immune responses. However, nasal administration yielded no systemic response owing to the lack of mucoadhesiveness of the system 
in nasal conditions (neutral pH) [18]. Similarly, Xu and Du (2003) developed chitosan nanoparticles via TPP addition to 
chitosan-containing bovine serum albumin (BSA) under agitation. They observed alterations in the physicochemical structure of 
chitosan nanoparticles due to enhanced inter- and intramolecular interactions resulting from TPP crosslinking [19]. Additionally, they 
noted that the fundamental parameters of chitosan, such as molecular weight and degree of deacetylation, influenced the loading and 
delivery of proteins. For instance, as the degree of deacetylation increased from 75.5 % to 92 % and the molecular mass from 10 kDa to 
210 kDa, the encapsulation efficiency increased, whereas the release rate decreased [19]. 

Turmeric (Curcuma longa) extract (TE) represents a natural phytochemical under investigation for its potential in stomach cancer 
chemoprevention [20]. TE is rich in curcuminoids, with curcumin being the most abundant (IUPAC name 1E,6E-1,7-bis (4-hydrox
y-3-methoxyphenyl)-1,6-heptadiene-3,5-dione)) [20,21]. has exhibited therapeutic potential in various chronic diseases, including its 
ability to modulate immunoediting processes that resurrect immune surveillance mechanisms involved in eradicating cancer cells [22, 
23]. However, the low solubility and pharmacokinetic profile of curcumin necessitate high doses for therapeutic efficacy, limiting its 
clinical relevance [20,21]. Strategies to overcome these limitations, such as encapsulation systems for optimizing bioavailability, have 
been developed [4,24]. 

Tsai et al. (2018) proposed curcumin-based mucoadhesive systems using TPP-crosslinked chitosan capsules. Their results show
cased alterations in epidermal growth factor (EGF) when the system served as a photosensitizer for photodynamic therapy of gastric 
cancer cells, particularly those limited to superficial tumors in vitro [25]. Similarly, Chuah et al. (2013) explored different concen
trations of curcumin using a similar system and observed that the positive electric charge of chitosan’s NH3+ groups was deprotonated 
at a neutral/alkaline pH (colon pH), hindering its complete mucoadhesive functionality compared with its performance under acidic 
conditions [24]. 

Therefore, we devised a novel technique, wherein we integrated biomaterials (BNC and low molecular weight chitosan [LMWC]) 
with food-grade natural extracts (TE) to create a mucoadhesive food additive with potential applications in stomach cancer chemo
prevention. Furthermore, we comprehensively characterized the chemical, mechanical, morphological, and thermal properties of 
mucoadhesive capsules, as well as modeled the adsorption and desorption profiles to assess the efficacy of TE delivery. We believe that 
our findings would hold promise for advancing stomach cancer chemoprevention and improving drug delivery systems. 

2. Material and methods 

2.1. Materials 

Analytical-grade reagents, including LMWC, acetic acid, D-(+)-glucose, potassium dihydrogen phosphate, magnesium sulfate, 
disodium hydrogen phosphate, citric acid monohydrate, sodium taurocholate, L-α-Phosphatidylcholine, pepsin, sodium chloride, 
potassium chloride, disodium hydrogen phosphate, and hydrochloric acid, were sourced from Sigma-Aldrich. Bacteriological grade 
peptone and yeast extracts were acquired from Thermo Fisher Scientific, Inc., whereas food-grade sodium tripolyphosphate (TPP) was 
obtained from a local distributor. Food-grade turmeric extract (TE) was generously provided by Colorquímica S.A (Colombia). 

2.2. Development of bacterial nanocellulose capsules coated with crosslinked LMWC 

2.2.1. Development of chitosan mucoadhesive coating 
To create a mucoadhesive coating, LMWC and TPP were crosslinked. Three different chitosan concentrations were assessed: 0.67, 

1.3, and 2.6 mg/mL. Chitosan was dissolved in a 2 mg/mL acetic acid solution and crosslinked with 0.1 % w/v, following the method 
by Xu & Du (2003) [19]. The resulting coatings were poured into Petri dishes and air-dried gravimetrically for 24 h (w0). 

Swelling kinetics of the crosslinked chitosan films were measured using a gravimetric method to quantify water adsorption. These 
experiments were conducted in two different pH solutions (1.6 for the stomach and 7.0 for the colon) using five samples. Films were 
hydrated with simulated stomach and colon fluid solutions at room temperature (25 ◦C). Films were periodically removed from the 
solutions (at 5, 10, 20, 30, 60, and 120 min) and weighed (wt) [26]. Swelling percentage was calculated using Equation (1). 
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Table 1 
Models employed for describing the adsorption process of the golden latte formulation with 0.1 % CU in BNC pellets. Adapted from Saadi et al. (2015) and Ebadi et al. (2009) [35], [36].  

Model Equation Parameters 

Langmuir Qe =
QmLKCe

1 + KCe 

K: Langmuir affinity constant (mL/μg) 
QmL: Maximum concentration of adsorbate in the monolayer (μg TE/g BNC) 

Freundlich Qe = Kf C
1/nf
e 

kf: Adsorption coefficient. Represents the adhesion capacity of the adsorbate in the adsorbent 
1/nf: Adsorption intensity of the adsorbate in the adsorbent 

BET Qe =
QmBETCBETCe

(Ce − Cs)
[
1 + (CBET − 1)

Ce

Cs

]
Qm,BET: Maximum concentration of adsorbate in the monolayer (μg TE/g BNC) 
CBET: BET constant 
Cs: Adsorbate saturation concentration in the monolayer (μg/mL) 

BET Modification 
Qe = Qm

KsCe[1 − (n+1)(KLCe)
n
+ n(KLCe)

n+1
]

(1 − KLCe)
[
1 +

(Ks

KL
− 1

)

KLCe −

(
Ks

KL

)

(KLCe)
n+1

]
Qm,BET: Maximum concentration of adsorbate in the monolayer (μg TE/g BNC) 
KS: adsorption equilibrium constant in the monolayer (mL/μg) 
KL: adsorption equilibrium constant in the multilayer (mL/μg) 
n: Maximum number of layers 

*Ce: concentration of adsorbate in equilibrium for all models (μg TE/mL). 
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%S=
wt − w0

w0
×100 (1) 

Swelling kinetics were determined by plotting the swelling percentage against time, and the simulated fluid solutions for the 
stomach and colon were prepared following the guidelines of Marques et al. (2011) [27]. 

2.2.2. Development of bacterial nanocellulose capsules 
Bacterial nanocellulose capsules were produced as pellets. The process involved inoculating Hestrin-Schramm (HS)-modified 

medium with Komagataeibacter medellinensis NBRC 3288, with adjustments made to medium volume, agitation speed, and bacterial 
concentration per volume (detailed in Supplementary Information 1, S1) following the methodology of Molina-Ramírez et al. (2020) 
[28]. After 3 d of fermentation under agitation, the pellets were treated with 5 % w/v potassium hydroxide for 14 h and rinsed to reach 
pH 7 [29,30]. The BNC pellets were then coated using crosslinked LMWC as follows: 1 g of BNC pellets was immersed in a 0.1 % w/v 
TPP solution for 24 h, after which they were placed in an acetic acid-dissolved chitosan solution (1.3 mg/mL) for 2 h to form the 
coating. 

2.2.3. Characterization techniques 

2.2.3.1. Morphological characterization. Before measurement, samples were freeze-dried for 48 h, as described previously,. They were 
then placed on carbon tape, gold-coated using ionic sputtering, and observed using Jeol® JSM equipment at 20 kV [31]. Images were 
captured at 200–50,000× magnification to evaluate capsule morphology and changes in the presence of simulated stomach or colon 
fluid. 

2.2.3.2. Chemical characterization. Chemical characterization was performed to identify changes in functional groups within the 
samples of capsules and coatings. A Fourier transform infrared (FTIR) spectrometer (Nicolet 6700, Thermo Scientific, Waltham, MA, 
USA) equipped with an attenuated total reflectance (ATR) accessory was used. Spectra were recorded from 4000–400 cm− 1 wave
numbers with a resolution of 4 cm− 1 using a diamond crystal over 64 scans [32]. 

2.2.3.3. Thermal behavior. Thermal characterization aimed to estimate changes in the decomposition temperature of coated capsules. 
Thermogravimetric (TGA) and derivative thermogravimetry (DTG) analyses were performed using a Mettler Toledo (TGA/SDTA 
851E). Samples of 10 mg were heated from 30 to 800 ◦C at a rate of 5 ◦C/min under controlled nitrogen atmosphere (30 mL/min). 

2.2.3.4. Mucoadhesion properties analysis. Mucoadhesion experiments were carried out using a TA-XT PLUS texturometer equipped 
with a 5 N load cell and compression plates (75 mm in diameter). Before testing, the capsules were lyophilized for 48 h (0.020 mbar 
vacuum pressure) and placed on a plate with double-sided tape (10 × 10 mm). Pig stomach tissues obtained from a local butcher shop 
(Medellín, Colombia) were washed with distilled water and placed in simulated stomach or colon solution at 25 ◦C [12,27]. The 
mucous membranes were isolated after removing the underlying connective tissues. Tissue samples (approximately 20 × 20 mm) were 
equilibrated at 37.0 ± 0.5 ◦C for 15 min before being placed on the compression plate holder [12]. The plate containing the capsules 
was hydrated with simulated stomach or colon solution. The hydrated frame was then moved downwards to contact the tissue with a 
force of 0.05 N for 60 s, and subsequently moved upwards at a test speed of 0.5 mm/s to record the adhesion forces [12,27]. 

2.3. Incorporation of TE in the BNC capsules 

2.3.1. Adsorption isotherms 
To describe the interactions between BNC and TE, experiments were conducted using 0.1 % w/v TE and 0.1 % w/v TPP as anti

oxidant formulations (see Supplementary Information 2). One gram of never-dried BNC pellets was mixed with the formulation and 
water at different weight ratios and stirred at 100 rpm for 24 h at room temperature (25 ◦C). After 24 h, aliquots of the solutions were 
obtained, and the equilibrium concentration (Ce) was determined using a UV–visible spectrophotometer at 424 nm (calibration curve 
R2 = 0.999). The adsorbed amount (Qe) of TE on BNC was calculated using Equation (2) [33,34]. 

Table 2 
Models utilized to characterize the adsorption and release process of TE (adapted from Kajjumba et al., 2019) [37].  

Model Equation Parameters 

Pseudo first-order (PFO) Qt = Qe(1 − e− k1 t) k1: adsorption rate constant (min− 1) 
Pseudo second-order (PSO) 

Qt =
k2Q2

e t
1 + k2Qet 

k2: adsorption rate constant (g BNC μg TE− 1 min− 1) 

Elovich Qt =
1
β

ln(αβ)+
1
β

ln(t) α: Initial adsorption rate (μg/g.min) 
β: degree of surface coverage (g/μg) 

Intraparticle diffusion (IP) Qt = k3
̅̅
t

√ k3: adsorption rate constant (μg/g.min0,5) 

*Qt: the amount of TE adsorbed or released in time for all models (μg/g‧min). 
**Qe: the amount of TE adsorbed or released at equilibrium for all models (μg/g). 
***t: Time for all models (min). 
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Qe =
Ci − Ce

WBNC
× VT , (2)  

where Ci is the initial concentration of the antioxidant formulation, VT is the total volume of the evaluated solution, and WBNC is the 
evaluated weight of the pellets in grams. Mathematical models used to describe the phenomenon are listed in Table 1, and experi
mental data were fitted to the models using the least squared method and Solver® tools in Microsoft Excel [35,36]. 

2.3.2. Adsorption kinetics 
Adsorption kinetics were analyzed to determine equilibrium time and understand the adsorption phenomenon in the BNC pellets. 

Different models were applied, as listed in Table 2 [37]. Experiments were conducted in 50 mL falcon tubes, mixing the formulation 
with 0.1 % w/v TE with BNC pellets at a ratio of 5:1. Agitation was set at 100 rpm at room temperature (25 ◦C). Adsorption kinetics 
were determined by taking 1 mL aliquots of the solution at 5, 10, 20, 30, 60, 120, and 240 min. The equilibrium concentration (Ce) and 
the amount adsorbed in the BNC pellets over time (Qt) were calculated, similar to the adsorption isotherms. Experimental data were 
fitted to the models using the least squared method and Solver® tools in Microsoft Excel [35,36]. 

2.3.3. Release kinetics 
The release profile of the final system, TE loaded into chitosan-coated BNC mucoadhesive capsules, was evaluated using desorption 

assays. Experiments were conducted in 50 mL falcon tubes by adding 25 mg of loaded capsules per mL of simulated stomach (pH 1.6) or 
colon (pH 7.0) fluid at 37 ◦C. Aliquots of 1 mL were taken at 5, 10, 20, 30, 60, 120, 240, 360, 480, and 1440 min. The equilibrium 
concentration (Ce) and the amount adsorbed in time (Qt) for each aliquot were determined using the same UV–Vis protocol employed 
for the adsorption isotherms and were modeled using the equations presented in Table 2. 

Fig. 1. Swelling kinetics of the crosslinked low molecular weight chitosan (LMWC) with a concentration of 0.67 mg/mL evaluated in a) stomach 
(pH 1.6) and b) colon (pH 7.0) simulated fluid, 1.3 mg/mL evaluated in c) stomach (pH 1.6) and d) colon (pH 7.0) simulated fluid, and 2.6 mg/mL 
evaluated in e) stomach (pH 1.6), and f) colon (pH 7.0) simulated fluid. 

L. Posada et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e21836

6

3. Results and discussion 

3.1. Development of bacterial nanocellulose capsules coated with crosslinked LMWC 

3.1.1. Development of chitosan-based mucoadhesive 
Fig. 1 displays the swelling kinetics of the crosslinked LMWC films in simulated colon and stomach fluids. The films exhibited 

maximum swelling at different time points, contingent upon the chitosan concentration. After reaching maximum swelling, the ca
pacity gradually diminished until equilibrium was attained, mirroring the behavior documented by Orozco-Guareño et al. (2011) [38]. 
Our experiments indicated that a chitosan concentration of 1.3 mg/mL (Fig. 1c) demonstrated superior performance in terms of 
maximum swelling and temporal progress. It reached equilibrium at 20 min with a swelling capacity of 1866 % in the stomach 
environment, where mucoadhesion is desired. Higher concentrations of chitosan (>1.3 mg/mL) resulted in reduced swelling capacity 
owing to enhanced molecular interactions between the films, leading to a more closely connected network with reduced structural 
capacity for swelling (chain movement) [38]. Conversely, lower crosslinking concentrations (<1.3 mg/mL) led to reduced swelling 
capacity owing to the absence of an interconnected hydrogel network responsible for water adsorption [38]. 

Regarding pH, LMWC films exhibited higher swelling capacity in acidic pH (see Fig. 1a, c, and 1e) than that at for neutral pH (see 
Fig. 1b, d, and 1f), indicating selectivity toward the stomach. This highlights that crosslinked LMWC films possess mucoadhesive 
properties [39,40]. Considering equilibrium time, concentration, and pH selectivity, we selected an LMWC concentration of 1.3 
mg/mL for further coating experiments. 

3.1.2. Development of bacterial nanocellulose capsules 
Based on statistical analysis of fermentation parameters using 160 rpm, 150 mL, and three cryo-pearls, we achieved the highest 

yield in the process, amounting to 45.03 ± 0.45 g of pellets/L of HS-modified medium (see fermentation parameters in S.1). During this 
process, the pellets acquired a spherical shape (Fig. 2a). Furthermore, we investigated the impact of coating, as illustrated in Fig. 2b for 
non-coated capsules and Fig. 2c for coated capsules. In both cases, the capsules exhibited spherical-shaped particles with diameters of 
1.05 ± 0.42 mm, a sphericity of 0.63 ± 0.17 (resulting from the tendency of the bacteria to adopt this morphology under agitated 
conditions), and a translucent color. Notably, after capsule coating, we observed no observable macroscopic changes in diameter, 
sphericity, or color. 

3.1.3. Morphological characterization 
Scanning electron microscopy (SEM) images of the samples are presented in Fig. 3a–d. Fig. 3a shows non-coated BNC capsules, 

whereas Fig. 3b displays BNC capsules coated with mucoadhesive based on crosslinked LMWC. In the case of non-coated capsules, the 
open fibrillar structure of the BNC was evident. However, when coated with crosslinked LMWC, the fibrillar network appeared closed. 
Nevertheless, the fibrillar texture remained on the capsule surface. 

Fig. 3c and d depict the BNC capsules after 24 h in the stomach and colon, respectively. In both cases, the capsules exhibited a 
swollen morphology with some surface porosity, more pronounced in the stomach environment where the fibrillar structure of the BNC 
had completely disappeared. This indicates the selectivity of the system for gastric applications. 

3.1.4. Chemical characterization 
Fig. 4 displays the FTIR spectra. For the LMWC coating (Fig. 4a), most vibrations occurred in two regions (3700–2800 cm− 1 and 

1700–400 cm− 1). These results align with previous reports on chitosan in the literature [41]. In the case of the non-crosslinked capsule 
(Fig. 4b), new bands appeared at wavelengths of 898 cm− 1 (indicating the presence of β-1,4 glycosidic glucose bonds) and 1061 cm− 1 

(attributed to glucose glucopyranose ring stretch vibration), representative of BNC. Additionally, for the full system in Fig. 4c (BNC 
coated with crosslinked LMWC and TPP), vibration intensities increased in the regions 900–800 cm− 1 and 1700–1300 cm− 1, corre
sponding to P–O–P and P––O bonds, respectively [39,41,42]. Accordingly, Fig. 4c demonstrates the presence of a crosslinked chitosan 
coating on the surface of BNC. 

Fig. 2. Bacterial nanocellulose (BNC) capsules: a) Macroscopic view (Petri dish diameter of 10 cm), b) Observation under a stereomicroscope, and c) 
Capsules coated with crosslinked LMWC. The scale bar represents 1 mm. 
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3.1.5. Thermal characterization 
The TGA and DTG results are presented in Fig. 5. These results reveal a broad peak in the temperature range between 40 and 150 ◦C, 

with the maximum rate occurring at 66 ◦C for all materials. This peak is attributed to the release of physisorbed water [43]. The 

Fig. 3. Scanning electron microscopy (SEM) images: a) BNC capsules, b) BNC capsules coated with crosslinked LMWC (BNC-LMWC-TPP). Images of 
BNC-LMWC-TPP in simulated c) stomach fluid (pH 1.6) and d) colon fluid (pH 7.0). Images taken at 20,000 × magnification. 

Fig. 4. Chemical characterization of the capsules: Infrared spectra of a) LMWC, b) LMWC with BNC, and c) BNC capsules coated with crosslinked 
LMWC, with important peaks indicated. 
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degradation temperature of chitosan was approximately 280 ◦C, with a maximum decomposition rate of 1.2 × 10− 3 %/min. BNC 
exhibited its maximum degradation temperature at 300 ◦C [42]. 

For the full system (BNC-LMWC-TPP, indicated by the blue line), two maximum degradation peaks were observed: the first at 
285 ◦C and the second at 325 ◦C. The first corresponds to the interactions between LMWC and TPP (primary bonds), and the second 
corresponds to the interactions between crosslinked LMWC and BNC. In this case, BNC enhances the thermal stability of LMWC owing 
to intermolecular hydrogen interactions (secondary bonds) [28]. In terms of decomposition rate, the full system displayed a shift to a 
higher temperature by 36 ◦C, indicating the formation of a crosslinked structure. Furthermore, the ash content increased in the 
presence of phosphorus in the material structure [43]. 

3.1.6. Mucoadhesion properties 
The maximum detachment force (Fmax) and adhesion work (Wad) of the capsules (BNC and BNC coated with crosslinked LMWC) 

when exposed to gastric tissue at different pH values are presented in Fig. 6a and b. In Fig. 6a, BNC capsules under gastric or colonic 
conditions exhibited an Fmax and Wad below 30 mN and 16 mN-mm, respectively, indicating no mucoadhesive properties for BNC 
capsules, consistent with literature reports [10,11]. However, the coated capsules (BNC-LMWC-TPP) under stomach conditions 
exhibited Fmax = 89.15 ± 6.23 mN and Wad = 43.18 ± 2.85 mN-mm, whereas under colon conditions, they exhibited Fmax = 37.18 ±
7.49 mN and Wad = 32.15 ± 1.56 mN-mm. This demonstrates that the crosslinked LMWC coating significantly enhances the per
formance of BNC capsules in both fluids. Notably, the most pronounced results were observed in the stomach environment. For 
instance, the samples exhibited a 140 % increase in Fmax and a 34 % increase in Wad. The behavior of the coated capsules indicates a 

Fig. 5. Thermogravimetric analysis (TGA) curves (top) and derivative thermogravimetry (DTG) (bottom) of LMWC and LMWC mixed with BNC or 
BNC capsules with crosslinked LMWC and TPP. Degradation peaks of BNC-LMWC-TPP are indicated with arrows. 

Fig. 6. Mucoadhesion properties of non-coated and LMWC-TPP coated capsules: Force vs a) distance and b) detachment time for capsules of BNC 
and BNC coated with crosslinked LMWC (BNC-LMWC-TPP) during mucoadhesive testing using a texturometer. 
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mucoadhesive system (with a lower limit of mucoadhesion at 50 mN [12]), and according to the results, this mucoadhesive perfor
mance is selective for stomach conditions, validating the significance of the system for gastric drug delivery. 

Detachment times of the capsules, as presented in Fig. 6b, were 25 % faster under colonic conditions (0.32 s) relative to stomach 
conditions (0.43 s). These findings, in conjunction with the swelling kinetics and SEM results, suggest that the mucoadhesive response 
of the developed capsules is influenced by pH conditions. The capsules adhere to the stomach mucus via strong electrostatic in
teractions induced by crosslinked chitosan under acidic conditions [12,26]. Hydrophilically charged polymers such as chitosan form 
electrostatic interactions through hydrogen bonding and ionic interactions, resulting in high mucoadhesion [10,11]. Furthermore, TPP 
crosslinking enhances the surface charge of chitosan, creating additional opportunities for stronger secondary interactions that 
enhance mucoadhesion [25]. BNC alone exhibits insufficient mucoadhesion, measuring below 50 mN under stomach and colon 
conditions. However, the coating significantly improves mucoadhesion, increasing it by approximately 5.8-fold, from 15 mN to 89 mN. 
This enhancement in mucoadhesive properties in BNC coated with LMWC-TPP capsules can be attributed to their interaction forces 
and pH selectivity. These properties are crucial for enhancing the bioavailability of TE in the context of stomach-related conditions, 
such as cancer. 

3.2. Incorporation of TE in the BNC capsules 

3.2.1. Adsorption isotherms 
The adsorption isotherms of TE in the BNC capsules are presented in Fig. 7 and Table 3. The antioxidant formulation of BNC re

sembles an L3-type isotherm, typically observed when adsorbed molecules maximize their contact area with the material or when 
molecules face limited solvent competition, aligning with the modified BET model (R2 = 0.987) [44]. This model comprises a 
multilayered structure with 24–38 layers, featuring a Qm of 84.64 μg of TE/g of BNC. This value suggests that the BNC pellets are highly 
saturated with the formulation, especially when considering the monolayer saturation concentration (1/Ks) of 2.38 μg of TE/mL. 

3.2.2. Adsorption kinetics 
To study adsorption kinetics, a concentration (Ce) of 31.15 μg of TE per mL was utilized to maximize antioxidant capacity, crucial 

for its chemopreventive therapeutic effect in stomach cancer (see S.2). The adsorption kinetics results are depicted in Fig. 8 and 
Table 4. The pseudo first-order (PFO) model best fits the kinetics with an R2 value of 0.889. This model yields a Qe of 31.52 μg of TE/g 
of BNC and an adsorption rate (k2) constant of 0.53 min− 1., indicating that the adsorption of the TE formulation onto the adsorbent 
follows a first-order mechanism, signifying its reversibility [37]. This mechanism is advantageous for BNC capsules as it suggests that 
the system can deliver TE to the target area, functioning as a delivery system. The capsule reached equilibrium within 20 min, 
indicative of a rapid adsorption process, favorable for the production of mucoadhesive capsules for TE delivery. 

3.2.3. Release profiles 
Finally, Fig. 9 a and b, and Table 5 present the release profiles of TE encapsulated in BNC-LMWC-TPP. The most suitable model for 

fitting depends on the pH. In the case of the stomach (pH 1.6), the PFO model provides the best fit, whereas for the colon (pH 7.0), the 
experimental data align better with the pseudo second-order (PSO)) model. 

The release profile under simulated colon fluid at pH 7.0 indicates equilibrium at 60 min, whereas under stomach conditions (pH 
1.6), equilibrium is reached at 10 min. The release rate is slower in the colon relative to gastric conditions (see rate constants K1 and K2 
in Table 5), demonstrating the selectivity of the crosslinked chitosan-based mucoadhesive coating at acidic pH. This enables TE 
interaction as a bioactive compound with the stomach walls, where gastric cancer may develop, and TE can exert therapeutic effects 
through its antioxidant mechanism [22]. The TE-releasing performance and mucoadhesive properties of the capsules enhance the 
bioavailability of TE in the gastric area, facilitating its chemopreventive effects. The mucoadhesive properties of the formulation 
containing TE enable a specific interaction with the target area, enhancing the antioxidant effects of TE. The TE used in this study 
exhibited a total polyphenol content of 399.47 ± 27.98 μg of gallic acid/mL and an antioxidant capacity of 1071.83 μg Trolox/mL (see 
S.2). TE plays a crucial role in modulating immunoediting processes and expression signals necessary for tumor cell proliferation [45, 
46]. Additionally, it induces apoptosis in tumor cells through exogenous mechanisms. This mechanism involves reducing the mito
chondrial transmembrane potential, leading to an accumulation of reactive oxygen species within the tumor cells. Furthermore, the 
antioxidant capacity of TE can stimulate immune cells to aid in the eradication of cancer cells [45,46]. Owing to the TE release 
performance and mucoadhesive properties of the capsules, they contribute to the improved bioavailability of TE in the gastric region. 
This, in turn, facilitates the chemopreventive effects of TE through the antioxidant mechanism described above. 

Stomach release systems that improve TE bioavailability have been reported previously [24,47,48]. These studies demonstrated the 
chemopreventive effects of TE encapsulation, resulting in a 65 % reduction in stomach cancer cell bioavailability, along with dual 
mucoadhesive properties, with stronger adhesion observed in stomach tissue compared to the colon [24,47,48], aligning with the 
findings of this study (a 5.8-fold improvement in mucoadhesion). Consequently, the capsules developed in this study have potential 
applications in the chemoprevention of stomach cancer. Notably, this technology is safe owing to the mucoadhesion of crosslinked 
LMWC via secondary interactions, which are not expected to cause irritation, inflammation, or ulceration of the gastric mucosa [10, 
11]. Additionally, with an adhesion force of 89 mN under normal stomach conditions and shear stresses (peristaltic movement), the 
capsules can be readily detached [49]. Other studies have demonstrated that chitosan crosslinked with TPP can adhere to stomach 
conditions for up to 90 h and is easily cleared from the digestive tract [10,49,50]. Moreover, all components of the system are 
food-grade and FDA-approved for use in food formulations [17,51]. 
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Fig. 7. Adsorption isotherm model fitted to experimental isotherm data of a formulation with 0.1 % w/v TE and 0.1 % w/v TPP on BNC.  

Table 3 
Models employed for describing adsorption isotherms, along with their corresponding parameters (optimal model adjustments highlighted 
in red).  

Model Parameters 25 ◦C R2 

Monolayer 
Langmuir K (mL/μg) 0.135 0.982 

QmL (μg TE/g BNC) 179.36 
Freundlich kf 27.62 0.986 

nf 1.75 
Multilayer 
BET Qm, BET (μg TE/g BNC) 7337221.28 − 2.765 

CBET 2885.76 
Cs (μg/mL) 0.00 

Modified BET Qm,BET (μg TE/g BNC) 84.64* 0.987* 
KS (mL/μg) 0.42* 
KL (mL/μg) 0.03* 
n 24.38* 

*Best modeling fitness. 

Fig. 8. Adsorption kinetic models fitted to experimental data.  
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4. Conclusions 

We have successfully developed a mucoadhesive system based on BNC coated with TPP-crosslinked LMWC as a delivery system for 
TE in the stomach. The swelling of the LMWC coating was influenced by chitosan concentration, with 1.3 mg of LMWC/mL exhibiting 
superior swelling and mucoadhesion. Furthermore, mucoadhesion of BNC capsules coated with crosslinked LMWC was selective under 
acidic pH conditions (gastric conditions). Chemical characterization confirmed the crosslinking reaction and interaction between BNC 
and LMWC. Adsorption of TE resulted in the formation of a stable, reversible, and homogeneous multilayer on the BNC surface. The 
system achieved equilibrium within 20 min, indicating a short adsorption process conducive to the production of mucoadhesive 
capsules for TE delivery. 

Collectively, our findings demonstrate the potential of these capsules to enhance TE presence in stomach tissue, rendering it a 

Table 4 
Models utilized for describing the adsorption kinetics of the formulation containing 0.1 % w/v TE and 0.1 % w/v TPP on BNC.  

Model Parameter 25 ◦C R2 

PFO Qe (μg TE/g BNC) 31.52* 0.889* 
k1 (min− 1) 0.53* 

PSO Qe (μg TE/g BNC) 31.61 0.885 
k2 (g BNC μg TE− 1 min− 1) 0.13 

Elovich α (μg TE/g BNC‧min) 2.42 × 1023 0.887 
В (g BNC/μg TE) 1.87 

IP C (μg TE/g BNC) 19.92 0.287 
K3 (μg TE/g BNC‧min0,5) 1.12 

*Best modeling fitness. 

Fig. 9. Release profiles of TE from mucoadhesive capsules BNC-LMWC-TPP in simulated a) stomach conditions and b) colon conditions.  

Table 5 
Profiles of TE release from BNC-LMWC-TPP capsules in simulated conditions, along with their respective parameters.  

Model Parameter TE-BNC with LMWC 

pH 1.6 pH 7.0 

PFO Qe (μg TE/g BNC) 0.83 3.10* 
k1 (min− 1) 0.25 0.09* 
R2 0.823 0.870* 

PSO Qe (μg TE/g BNC) 0.86* 3.18 
k2 (min− 1) 0.61* 0.05 
R2 0.832* 0.817 

Elovich α (μg TE/g BNC‧min) 5.76 × 108 133.52 
В (g BNC/μg TE) 35.37 4.052 
R2 0.791 0.661 

IP C (μg TE/g BNC) 0.60 1.87 
K3 (μg TE/g BNC‧min0,5) 0.01 0.04 
R2 0.147 0.186 

*Best modeling fitness. 
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promising strategy for chemoprevention of stomach cancer. Notably, this technology is safe, and all components are FDA-approved for 
use in food formulations. Future research should focus on evaluating long-term stability, safety, and conducting animal studies to 
understand the behavior of these capsules in complex systems. 
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