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Abstract
Background/Objectives: Atopic dermatitis (AD) is associated with gut dysbiosis resulting from early-life antibiotic use and Staphylococcus aureus colonization. Gum Arabic (GA), a prebiotic, may modulate this dysbiosis and influence AD outcomes. This study investigated the in vitro protective effects of GA against two antibiotics, amoxicillin and azithromycin, on AD-associated probiotics—Lactobacillus casei, Bifidobacterium bifidum, and Bifidobacterium infantis—and examined its impact on S. aureus. Additionally, the study aimed to develop GA-phospholipid-based semisolid carriers for topical application. Methods: Probiotic strains were cultured with 1–5% GA in the presence and absence of antibiotics, and viable cell counts were assessed. Sixteen topical formulations containing propylene glycol or isopropyl myristate in a hydrogenated phosphatidylcholine base were prepared and screened for rheological properties and galactose release using in vitro release testing (IVRT) and HPLC-UV. Results: GA at 1–2% concentrations promoted probiotic growth in antibiotic-free conditions. GA protected B. infantis from the inhibitory effects of azithromycin and reduced S. aureus resistance in antibiotic-supplemented media. Formulations F14 (2% GA + 7% IPM) and F15 (3% GA + 7% IPM) exhibited optimal spreadability. IVRT showed that 6-hour cumulative galactose release varied by formulation (F6 > F10 > F14 > F15). Conclusions: GA demonstrated dose-dependent prebiotic activity, preserving B. infantis viability under azithromycin and enhancing amoxicillin-mediated S. aureus inhibition. Optimized GA–HPC systems with suitable rheological and release characteristics represent promising candidates for further research and potential topical application.
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1. Introduction
Atopic dermatitis (AD) is a chronic inflammatory skin pathology affecting approximately 20% of the global pediatric population [1,2]. Characterized by severe pruritus, xerosis, and localized inflammation, the disease emerges from a complex interplay between genetic predisposition and environmental factors, ultimately leading to epidermal barrier disruption and systemic immune dysfunction [2,3].
Recent studies have revealed a direct correlation between AD, alongside other allergic diseases developed later in life, and gut dysbiosis (alteration of microbial composition) caused by childhood antibiotic exposure [4]. Antibiotic exposure during early life, particularly in infancy, rapidly disrupts the composition and diversity of the gut microbiota, which is already being shaped by factors such as delivery mode and diet [5]. Broad-spectrum antibiotics suppress not only pathogens but also commensal microorganisms essential for maintaining immune tolerance, thereby inducing long-term detrimental effects on mucosal immunity and epithelial integrity [6–8]. The resulting dysbiosis can shift the immune response toward a more allergic, Th2-dominant axis, creating a biological foundation for diseases like AD [9]. Indeed, shifts in specific intestinal taxa, such as Clostridia, have been linked to the onset of AD via eosinophilic inflammation [10]. Although epidemiological interpretations can be confounded by reverse causality and confounding by indication, early antibiotic use is widely regarded as a significant trigger that, in conjunction with genetic and environmental factors, increases AD risk through the microbiota-immune development axis [11,12].
Infancy is a critical developmental window for microbiota maturation. Systemic antibiotic administration during this phase causes a dramatic reduction in the Bifidobacterium population—a keystone genus crucial for gut health that degrades human milk oligosaccharides and produces short-chain fatty acids (SCFAs)—leading to a dysbiotic state. In children with AD, this dysbiosis extends beyond numerical shifts, manifesting as functional impairments such as reduced fermentative capacity and pathological increases in amino acid metabolism [4]. Recent metagenomic and metabolomic studies have demonstrated that antibiotic exposure permanently alters not only the microbial composition but also its SCFA production capacity. The depletion of SCFAs, particularly butyrate and propionate, adversely affects epithelial barrier proteins like filaggrin (FLG), thereby increasing epidermal permeability and allergen penetration [13–15]. Immunologically, children with AD exhibit elevated levels of epithelial-derived alarmins (TSLP, IL-33) alongside a Th2-dominant cytokine profile (IL-4, IL-5, IL-13) [16]. SCFAs, primarily butyrate, modify chromatin structure via histone deacetylase (HDAC) inhibition to suppress inflammatory gene expression, while simultaneously upregulating FOXP3 expression to promote regulatory T (Treg) cell differentiation and systemic immune tolerance [17,18]. Furthermore, microbiota-derived metabolites influence microRNA (miRNA) expression, and the dysregulated miRNA profiles observed in AD have been shown to directly impact barrier proteins and cytokine production [19].
The intestinal dysbiosis in AD patients is characterized by a decrease in beneficial species (Lactobacillus, Bifidobacterium) and an increase in pathogenic load (Escherichia coli, Clostridium difficile, Staphylococcus aureus). Similarly, the skin microbiota is associated with an expansion of the S. aureus population. Increased S. aureus colonization contributes to the disruption of the natural microbiota and the weakening of the skin barrier through various mechanisms. This dysbiotic process activates signaling pathways via the "gut-brain-skin axis," compromising epidermal integrity and exacerbating inflammation [2]. The influence of the gut microbiota on skin physiology is mediated not only by the immune system but also through microbial metabolites. SCFAs entering the systemic circulation can modulate keratinocyte function and the expression of epidermal barrier proteins [20,21]. Experimental models indicate that SCFAs enhance the expression of epidermal differentiation proteins like filaggrin and loricrin, while suppressing NF-κB-mediated inflammatory pathways [15,21]. Consequently, the reduction in SCFA production following antibiotic use may indirectly weaken both intestinal and epidermal barriers, thereby contributing to AD pathogenesis [15].
In pediatric patients requiring mandatory antibiotic therapy, developing strategies to preserve the microbiota and restore its functional capacity is of critical importance. The enhanced SCFA production resulting from the fermentation of prebiotics like GA can reprogram host-microbiota interactions at the epigenetic level, thereby limiting immune deviations. On the other hand, S. aureus colonization, which frequently increases in AD and triggers immune responses in the gut, leading to disease exacerbations, poses severe clinical challenges such as biofilm formation and antibiotic resistance [22]. Given that prebiotics, when used with probiotics, can suppress pathogen adhesion and biofilm formation [23], it is hypothesized that the co-administration of GA with antibiotics could optimize inhibitory concentrations and restrict resistance development through both its microbial balancing effect and potential antimicrobial synergy.
In this context, Gum Arabic (GA), derived from Acacia senegal and Acacia seyal species, emerges as a potent prebiotic candidate capable of reversing existing dysbiosis [24]. GA is a highly branched heteropolysaccharide-protein complex exhibiting antioxidant, anti-inflammatory, anticancer, and antimicrobial properties [25–27]. Its biological efficacy varies depending on its botanical origin, with Sudanese varieties reportedly demonstrating stronger antimicrobial activity due to differences in secondary metabolite ratios [28,29]. In the gastrointestinal tract, GA acts as a robust prebiotic, selectively fermented by colonic bacteria to stimulate Bifidobacterium and Lactobacillus populations while suppressing pathogens such as Clostridium [30,31]. Mechanistically, GA promotes the production of SCFAs like butyrate, which inhibits the NF-κB signaling pathway and downregulates pro-inflammatory cytokines such as IL-6 and TNF-α [27,32]. Additionally, GA has been shown to exhibit a synergistic effect with Lactobacillus strains, increasing antimicrobial protein stability and disrupting cell membrane integrity in multidrug-resistant (MDR) pathogens by enhancing DNA leakage [31]. This fermentation process strengthens the gut barrier and restores the Th1/Th2 immune balance, thereby modulating the gut-skin axis [1].
While the "antibiotic + supportive/adjuvant approach" appears rational in a clinical context where early-life antibiotics indirectly affect AD pathogenesis by disrupting the microbiota, synergies are not guaranteed, and certain combinations may even induce antagonism [33]. Therefore, quantifying the interaction window of prebiotic candidates like GA with antibiotics in vitro is crucial. Moreover, in the "microbiome-friendly" product development paradigm, the in vitro efficacy of postbiotic-containing formulations has been evaluated; specifically, their integration into liposome-gel platforms has been comprehensively characterized in terms of rheology, stability, release kinetics, and antimicrobial activity [34,35]. The systematic investigation of rheological behavior and applicability in topical liposome-gel systems aligns directly with the approach of incorporating GA into a suitable semisolid vehicle [36]. As a natural biopolymer, GA can serve as a functional platform material dictated by its rheological and kinetic parameters [26]. Furthermore, recent studies screening the antimicrobial efficacy of encapsulated or complex systems (e.g., encapsulated hemp seed oil, natural-based sunscreens) provide methodological continuity for the microbiological evaluation pipeline designed in this study [37,38].
To translate this robust microbiological and immunological potential into clinical utility, GA must be integrated into an appropriate pharmaceutical carrier system. In conditions with impaired epidermal barrier integrity like AD, it is critical that topical formulations possess a low-shear viscosity to prolong residence time at the application site, while simultaneously exhibiting a pronounced shear-thinning profile to facilitate spreadability upon rubbing. Moreover, the controlled and predictable release of active prebiotic components from the semisolid matrix is the primary determinant of targeted microbiota modulation and therapeutic efficacy. Accordingly, the rheological and pharmacokinetic (in vitro release testing, IVRT) characterization of semisolid systems combining hydrogenated phosphatidylcholine (HPC) with specific penetration enhancers (PG, IPM) is essential for optimizing GA as a topical agent.
The primary objective of this study was to evaluate the in vitro protective effects of GA, a known prebiotic, combined with commonly used pediatric antibiotics (amoxicillin and azithromycin) on AD-associated probiotic strains (Lactobacillus casei, Bifidobacterium bifidum, Bifidobacterium infantis), and to investigate its contribution to antibiotic efficacy in overcoming the resistance of the disease-associated Staphylococcus aureus ATTC 29213 strain. In addition to these microbiological targets, the study aimed to design GA-based semisolid carrier systems to translate the biological findings into topical applications, and to identify the optimal smart carrier systems for clinical use by screening these candidate formulations for their rheological behaviors (viscosity-shear rate profiles) and in vitro release kinetics (IVRT) using galactose equivalents.
2. Results
2.1. Interaction of Gum Arabic and Antibiotics on Atopic Dermatitis-Associated Microbiota
In this study, the proliferation levels of L. casei, B. infantis, B. bifidum, and S. aureus ATCC 29213 (reference pathogen strain) were compared in culture media containing varying concentrations of GA (1%, 2%, 3%, and 5% w/v) both in the presence and absence of antibiotics (azithromycin, amoxicillin). For control purposes, the baseline growth levels of these bacteria in standard media lacking both antibiotics and GA were also determined. The obtained data are presented in Table 1.
Table 1. Comparative colony count results (CFU/mL) for bacterial proliferation in GA-supplemented media in the presence and absence of antibiotics.
	Lactobacillus casei

	 
	MRS
	MRS %1 GA
	MRS %2 GA
	MRS %3 GA
	MRS %5 GA

	Non-Antibiotic
	8,3X105
	8,4X105
	5,1X107
	5,1X107
	5,1X105

	Azithromycin
	-
	-
	-
	-
	-

	Amoxicillin
	-
	-
	-
	-
	-

	Bifidobacterium infantis

	 
	BHI
	BHI %1 GA
	BHI %2 GA
	BHI %3 GA
	BHI %5 GA

	Non-Antibiotic
	1,9X107
	6,0X107
	6,4X107
	ND
	ND

	Azithromycin
	5,5X106
	8,0X106
	1,3X107
	ND
	ND

	Amoxicillin
	-
	-
	-
	ND
	ND

	Bifidobacterium bifidum

	 
	BHI
	BHI %1 GA
	BHI %2 GA
	BHI %3 GA
	BHI %5 GA

	Non-Antibiotic
	6,7X107
	8,6X108
	9,0X108
	ND
	ND

	Azithromycin
	-
	-
	-
	ND
	ND

	Amoxicillin
	-
	-
	-
	ND
	ND

	Staphylococcus aureus ATCC 29213

	 
	NA
	NA %1 GA
	NA %2 GA
	NA %3 GA
	NA %5 GA

	Non-Antibiotic
	3,1 X109
	5,7X109
	5,7X109
	5,9 X109
	ND

	Azithromycin
	4,8 X109
	4,8 X109
	4,5 X109
	4,7 X109
	ND

	Amoxicillin
	6,1 X109
	3,4X109
	1,4X109
	3,1X109
	ND


(ND: Not determined due to excessive medium softness caused by high GA concentration. (-): No growth observed)
2.1.1. Prebiotic Promotion and Protection of Probiotic Viability
The baseline growth level of L. casei in the MRS medium was determined as 8.3×10⁵ CFU/mL. The addition of 1% (w/v) GA resulted in a comparable growth level (8.4×10⁵ CFU/mL). However, in media containing 2% and 3% (w/v) GA, the bacterial count escalated to 5.1×10⁷ CFU/mL, indicating approximately a 2-log increase. At 5% (w/v) GA, the proliferation level dropped back to the 10⁵ CFU/mL range. No growth was observed across any GA concentrations in the presence of azithromycin or amoxicillin, suggesting that these antibiotics exerted complete inhibition (bactericidal activity) on L. casei.
For Bifidobacterium infantis, the baseline growth of 1.9×10⁷ CFU/mL in antibiotic-free BHI medium increased to 6.0×10⁷ and 6.4×10⁷ CFU/mL with the addition of 1% and 2% (w/v) GA, respectively. This demonstrates the growth-promoting effect of GA at lower concentrations. In the presence of azithromycin, the bacterial count ranged from 5.5×10⁶ to 1.3×10⁷ CFU/mL, representing a decline compared to the control group. However, the bacterial counts in the presence of 1% (w/v) and 2% (w/v) GA were 8.0×10⁶ and 1.3×10⁷ CFU/mL, respectively, which were higher than the antibiotic-only condition. No growth was detected in amoxicillin-treated groups, indicating high susceptibility. Evaluations could not be performed in media containing 3% and 5% (w/v) GA due to altered physical properties of the agar.
The population of Bifidobacterium bifidum in antibiotic-free BHI medium was established at 6.7×10⁷ CFU/mL. With 1% and 2% (w/v) GA supplementation, the counts surged to 8.6×10⁸ and 9.0×10⁸ CFU/mL, respectively, marking an approximate 1-log increase. The absence of growth in environments containing azithromycin and amoxicillin underscored the high susceptibility of this strain to both antibiotics.
2.1.2. Modulation of Antibiotic Resistance in the S. aureus Strain
The baseline growth of Staphylococcus aureus ATCC 29213 in antibiotic-free NA medium was 3.1×10⁹ CFU/mL, which increased to the 5.7–5.9×10⁹ CFU/mL range with 1–3% (w/v) GA supplementation. In pure antibiotic media, the bacterial count was 4.8×10⁹ CFU/mL for azithromycin and 6.1×10⁹ CFU/mL for amoxicillin. The low inhibition of the S. aureus ATCC 29213 strain at these specific antibiotic doses strongly suggests a potential resistance profile.
In the combined presence of azithromycin and 1–3% (w/v) GA, the bacterial count ranged from 4.5 to 4.8×10⁹ CFU/mL. Although not at a logarithmic scale, a numerical reduction in bacterial count was noted, particularly with 2% (w/v) GA. For the amoxicillin and 1–3% (w/v) GA combination, counts were recorded between 1.4 and 3.4×10⁹ CFU/mL. A pronounced decline (1.4×10⁹ CFU/mL) was uniquely observed at the 2% (w/v) GA concentration, with partial reductions at other GA levels. Overall, the supplementation of 1% and 2% GA enhanced probiotic proliferation, while the antibiotics exhibited varying degrees of inhibition depending on the strain. It can be concluded that S. aureus displayed a more robust resistance profile, and the presence of GA could, in specific instances, modulate the inhibitory efficacy of the antibiotics.
2.2. Rheological and Structural Characterization of the Designed Semisolid Carriers
Across the complete Design of Experiments (DoE) set (F1–F16), all formulations exhibited a monotonic decrease in apparent viscosity as the shear rate increased from 1.7 to 34.0 s⁻¹, signifying a distinct shear-thinning behavior over the tested range.
Within the PG block, apparent viscosity at 1.7 s⁻¹ ranged from 495.0–605.0 mPa·s (SD 14.9–18.1) for 5% PG and 562.5–687.5 mPa·s (SD 16.9–20.6) for 10% PG, with a comparatively modest viscosity decay toward 34.0 s⁻¹ (5% PG: 315.8–386.0 mPa·s, SD 9.5–11.6; 10% PG: 392.7–479.9 mPa·s, SD 11.8–14.4). In the IPM block, increasing the IPM concentration elevated the low-shear viscosity profile and induced a steeper shear-dependent reduction: 3% IPM yielded 585.0–715.0 mPa·s at 1.7 s⁻¹ (SD 17.6–21.5) and 276.7–338.1 mPa·s at 34.0 s⁻¹ (SD 8.3–10.1); whereas 7% IPM produced 810.0–990.0 mPa·s at 1.7 s⁻¹ (SD 24.3–29.7) and 329.8–403.0 mPa·s at 34.0 s⁻¹ (SD 9.9–12.1). In both carrier blocks, under the current formulation and processing settings, the 5% (w/v) GA level trended toward the lower end of the viscosity ranges compared to the 1–3% (w/v) GA levels.
Based on the screening objective of identifying candidates that offer higher low-shear viscosity (to support prolonged residence time at the application site) combined with a pronounced viscosity reduction at higher shear rates (to facilitate ease of spreadability), formulations F14 (2% GA + 7% IPM) and F15 (3% GA + 7% IPM) emerged as the most successful candidates. They provided the highest low-shear viscosities at 1.7 s⁻¹ (990.0 mPa·s, SD 29.7 and 900.0 mPa·s, SD 27.0, respectively), alongside substantially reduced viscosities at 34.0 s⁻¹ (403.0 mPa·s, SD 12.1 and 366.4 mPa·s, SD 11.0, respectively). F10 (2% GA + 3% IPM) preserved the identical qualitative shear-dependent trend but at a lower overall viscosity magnitude, serving as a well-balanced alternative within the IPM series. F6 (2% GA + 10% PG) represented the upper boundary of the PG block (1.7 s⁻¹: 687.5 mPa·s, SD 20.6; 34.0 s⁻¹: 479.9 mPa·s, SD 14.4) and was consequently retained as an aqueous reference for comparing PG and IPM behaviors in subsequent rheological and HPLC-based kinetic evaluations (Table 2, Figure 1).
Table 2. Apparent viscosity changes of the selected optimal formulations (F6, F10, F14, F15) in response to increasing shear rates (Mean ± SD, n=3). 
	Formulation Code
	Formulation components (single column)
	s⁻¹
	η (mPa·s) (3 replicates ±  SD)
	Comment

	F14
	GA 2% + IPM 7% + HPC 2.5% + water q.s.
	1.7
	990.0 ± 29.7
	Highest “rest” viscosity with strong shear-thinning; supports retention and good spreadability during application.

	F14
	GA 2% + IPM 7% + HPC 2.5% + water q.s.
	3.4
	804.0 ± 24.1
	

	F14
	GA 2% + IPM 7% + HPC 2.5% + water q.s.
	6.8
	653.5 ± 19.6
	

	F14
	GA 2% + IPM 7% + HPC 2.5% + water q.s.
	17.0
	496.0 ± 14.9
	

	F14
	GA 2% + IPM 7% + HPC 2.5% + water q.s.
	34.0
	403.0 ± 12.1
	

	F15
	GA 3% + IPM 7% + HPC 2.5% + water q.s.
	1.7
	900.0 ± 27.0
	Similar to F14; slightly higher GA may increase film formation/adhesion while maintaining spreadability.

	F15
	GA 3% + IPM 7% + HPC 2.5% + water q.s.
	3.4
	731.0 ± 21.9
	

	F15
	GA 3% + IPM 7% + HPC 2.5% + water q.s.
	6.8
	593.8 ± 17.8
	

	F15
	GA 3% + IPM 7% + HPC 2.5% + water q.s.
	17.0
	451.1 ± 13.5
	

	F15
	GA 3% + IPM 7% + HPC 2.5% + water q.s.
	34.0
	366.4 ± 11.0
	

	F10
	GA 2% + IPM 3% + HPC 2.5% + water q.s.
	1.7
	715.0 ± 21.5
	Moderate viscosity with pronounced shear-thinning; balanced candidate for a lighter sensory profile.

	F10
	GA 2% + IPM 3% + HPC 2.5% + water q.s.
	3.4
	601.2 ± 18.0
	

	F10
	GA 2% + IPM 3% + HPC 2.5% + water q.s.
	6.8
	505.4 ± 15.2
	

	F10
	GA 2% + IPM 3% + HPC 2.5% + water q.s.
	17.0
	401.9 ± 12.1
	

	F10
	GA 2% + IPM 3% + HPC 2.5% + water q.s.
	34.0
	338.1 ± 10.1
	

	F6
	GA 2% + PG 10% + HPC 2.5% + water q.s.
	1.7
	687.5 ± 20.6
	Highest viscosity within the PG-series; weaker shear-thinning but good applicability in homogeneous aqueous-based systems (reference for PG vs IPM).


	F6
	GA 2% + PG 10% + HPC 2.5% + water q.s.
	3.4
	632.7 ± 19.0
	

	F6
	GA 2% + PG 10% + HPC 2.5% + water q.s.
	6.8
	582.2 ± 17.5
	

	F6
	GA 2% + PG 10% + HPC 2.5% + water q.s.
	17.0
	521.5 ± 15.6
	

	F6
	GA 2% + PG 10% + HPC 2.5% + water q.s.
	34.0
	479.9 ± 14.4
	





 Figure 1. Rheogram displaying the apparent viscosity profiles of the selected formulations against shear rate (1.7–34.0 s⁻¹). The data indicate shear-dependent flow behavior, with IPM-containing formulations (F14, F15) exhibiting the most pronounced shear-thinning properties.
2.3. In Vitro Release Kinetics and Galactose Release Profiles
IVRT findings demonstrated that the cumulative galactose release for all formulations increased monotonically across a timeframe relevant for topical application. At the 6-hour mark, the cumulative release (mean ± SD) was recorded as 78.414% for F6, 73.186% for F10, 67.212% for F14, and 63.478% for F15. Extending the process to 12 hours saw these rates peak at 85.500% for F6.
In the kinetic evaluation, all formulations exhibited high linearity conforming to the Higuchi model (cumulative release versus the square root of time), with determination coefficients (R²) ranging between 0.981 and 0.987. Furthermore, the first-order release rates calculated via logarithmic transformations (% remaining vs. time) also showed excellent model fits (R² = 0.988–0.994) (Table 3, Figure 2).
Table 3. IVRT endpoints and Higuchi rate parameters (n=3). 
	Formulation
	Q6h (%; Mean ± SD)
	Q12h (%; Mean ± SD)
	kH (%·h⁻¹/²)
	R² (0.5–6 h)

	F6
	78,414 ± 2,352
	85,500 ± 2,565
	44,872
	0,981-0,987

	F10
	73,186 ± 2,196
	81,350 ± 2,440
	42,017
	0,981-0,987

	F14
	67,212 ± 2,016
	74,709 ± 2,241
	38,330
	0,981-0,987

	F15
	63,478 ± 1,904
	70,559 ± 2,117
	36,433
	0,981-0,987




  Figure 2. Time-dependent in vitro cumulative galactose release profiles (%) from the selected formulations in a membrane-based diffusion system over 12 hours. Data are presented as mean ± SD (n = 3).
IVRT is widely recognized as a discriminatory performance test for semisolid matrices, utilizing linear release kinetics within a designated time window as a primary criterion for suitability [42–44]. In this context, the observed rank order suggests that PG, acting as a more hydrophilic cosolvent, can accelerate the apparent release rate. In contrast, IPM retards the release by establishing a more structured lipophilic phase.
3. Discussion
The diagnosis of AD occurring early in life is frequently followed by conditions such as food allergies, asthma, and allergic rhinitis; a progression fundamentally recognized as the "atopic march". AD, serving as an indicator of widespread disturbances in immunological mechanisms and skin barrier functions, is showing an increasing prevalence in the pediatric population. Findings from both animal experiments and clinical trials imply that the surge in childhood AD incidence may be linked to antibiotic exposure. Infancy is a critical temporal window where numerous biological systems undergo rapid development, and the gut microbiota matures and diversifies. Disruptions to the microbiota during this phase are often associated with long-term health issues well beyond infancy [4].
One of the primary microbiota alterations observed in children subsequent to antibiotic exposure is the depletion of the Bifidobacterium population. Bifidobacterium species, which play a central role in the degradation of human milk oligosaccharides, are foundational components of the early-life gut microbiota [4]. Amoxicillin and azithromycin are among the most frequently utilized antibiotics for premature infants in neonatal intensive care units. Postnatal empirical antibiotic regimens predominantly consist of intravenous amoxicillin and/or gentamicin combinations. It has been reported that this regimen can lead to a significant reduction or even temporary eradication of Bifidobacterium species. Nevertheless, because the population can largely recover within approximately 30 days post-treatment, amoxicillin is considered relatively "microbiota-friendly". Conversely, azithromycin, a macrolide antibiotic, is reported to cause prolonged reductions in Bifidobacterium species and exhibits a strong association with childhood asthma, obesity, and AD [55,56]. In our study, both utilized antibiotics exhibited bactericidal effects on the tested probiotic strains.
GA is a prebiotic dietary fiber capable of being selectively fermented by lactobacilli and bifidobacteria into short-chain fatty acids [57]. Alhssan et al. [58] demonstrated that the addition of flaxseed mucilage and GA to kefir significantly (p < 0.05) enhanced the growth of Lactobacillus acidophilus and Bifidobacterium lactis. Cherbut et al. [59] observed that a daily consumption of 10–15 g of GA resulted in an increase in Bifidobacterium and lactic acid-producing bacteria after 10 days. Similarly, Calame et al. [60] showed that a 4-week daily consumption of 10 g of GA yielded higher Bifidobacterium and Lactobacillus counts in fecal samples compared to inulin. Moreover, Ahallil et al. [30] revealed that in an in vitro colon model, GA fermentation increased Bifidobacterium growth while simultaneously decreasing Clostridium species.
Bifidobacterium bifidum and Bifidobacterium infantis were included in this study as they are natural residents of the infant gut microbiota [61]. Consistent with the literature, our findings demonstrated the prebiotic activity of GA on both species. Crucially, at the tested concentrations, GA was observed to protect B. infantis against the inhibitory effects of azithromycin. Although amoxicillin is deemed relatively microbiota-friendly, GA's ability to shield B. infantis from azithromycin—an antibiotic considered potentially more detrimental to the microbiota—is a particularly noteworthy finding.
Lactobacillus casei is a probiotic strain with documented positive effects in pediatric AD cases. Klewicka et al. [62] reported that L. casei DN–114001 supplementation in AD-diagnosed children aged 6–18 months produced favorable effects on the gut microbiota, particularly concerning bifidobacteria and clostridia populations. A meta-analysis conducted by Tan-Lim et al. [63] also highlighted the potential benefit of L. casei in alleviating allergic symptoms in pediatric AD patients, justifying its inclusion in our study. Our findings revealed that media supplemented with 2% and 3% (w/v) GA induced a logarithmically significant increase in L. casei. However, in antibiotic-containing media supplemented with GA, the prebiotic was unable to protect L. casei from the bactericidal effects of the antibiotics.
Staphylococcus aureus is a pathogen exerting a prominent role in AD pathogenesis. In a study evaluating various extracts of Omani and Sudanese GA via disk diffusion, Al Alawi et al. [28] noted that the lowest antibacterial activity against S. aureus (Code No: 659) was exhibited by the n-butanol extract. In the present study, 1%, 2%, and 3% (w/v) GA alone did not demonstrate pronounced antibacterial activity against S. aureus. Nevertheless, a numerical reduction in the S. aureus population was observed in GA-supplemented media containing antibiotics compared to media containing antibiotics alone. Furthermore, we established that while S. aureus developed resistance against azithromycin and amoxicillin, the introduction of GA mitigated this resistance. The highest contribution to the inhibitory efficacy of both antibiotics was observed at the 2% (w/v) GA concentration. Al-Behadliy et al. [3] reported that the inhibition zone diameter against S. aureus isolates expanded in parallel with the concentration of GA aqueous extract, establishing a minimum inhibitory concentration (MIC) of 40 mg/mL. The lack of a direct inhibitory effect in our study can likely be attributed to the applied concentrations falling below the MIC value reported in the literature.
The primary aim of the translational phase in this study was to link the GA concentration window highlighted in the microbiological findings (specifically 1–2%) to a real-world, viable pharmaceutical carrier system. In the main experimental set, the inability to acquire readings ('ND' finding) under 3–5% GA conditions due to excessive media softness demonstrated that GA significantly alters not only biological but also physical matrix behaviors. Consequently, GA-HPC-based systems were designed under PG and IPM blocks (DoE) and subjected to discriminative selection via rheological and kinetic screening. For optimal topical performance, the desired rheological profile combines a low-shear viscosity that supports formulation residence on the application site with a marked viscosity reduction that facilitates spreadability during rubbing. The shear-thinning behavior observed across all candidates during rheological screening confirms the successful attainment of this "remain at rest, spread upon application" profile targeted in semisolid products [50]. Within this framework, systems containing 7% IPM (F14 and F15) generated higher structures at low shear, striking an optimal balance between application-site retention and high-shear spreadability. Conversely, the PG-based series (F6) displayed more constrained shear-dependent viscosity shifts compared to the lipophilic character of IPM. This does not indicate poor PG performance but rather demonstrates its role in supporting diffusion behavior as a hydrophilic cosolvent that modulates the aqueous phase. In both carrier blocks, the intermediate (2–3%) GA concentration provided the most ideal structural response under current manufacturing conditions.
From an analytical and pharmacokinetic standpoint, utilizing galactose—the major building block—as a marker instead of the intact GA polymer integrity during IVRT processes is an entirely rational approach [51]. The subsequent PMP derivatization following polymer hydrolysis permitted the high-sensitivity quantification of free monosaccharides within the HPLC system [53]. Nonetheless, validating method robustness is analytically critical, given the profound impact of hydrolysis conditions on sugar recovery and potential degradation [52]. An analysis of the kinetic data revealed that the formulations modulated galactose release systematically in the order of F6 > F10 > F14 > F15. The faster galactose release exhibited specifically by the F6 formulation containing 10% PG aligns with the hydrophilic cosolvent's role in enhancing intra-matrix liberation. Previous literature on diffusion cells similarly indicates that agents like PG and IPM can alter transport behaviors from gel matrices, and synthetic membrane transport can be accurately described by the Higuchi model [54]. Ultimately, IVRT is not a direct surrogate for clinical efficacy; rather, it is an in vitro tool utilized for discriminatory quality-performance comparisons among semisolid carriers. Therefore, the findings should be interpreted within the guidelines recommended by the FDA and USP (specifically targeting linear release within the 4–6 hour window) [42–44]. The robust R² values and stable kinetic data obtained herein prove that the designed GA-based smart formulations can predictably and controllably deliver both the encapsulated antibiotic and the prebiotic to the target tissue. This translational arm has successfully provided a rational candidate selection for subsequent phase studies (including IVPT via Franz diffusion cells, biofilm/co-culture models, and simultaneous monitoring of antibiotic release and GA-markers).
4. Materials and Methods
4.1. Microorganisms and Culture Conditions
In this study, the modulatory effects of GA on dysbiosis were tested in vitro using AD-associated probiotic strains Lactobacillus casei ATA-LCC98073, Bifidobacterium bifidum ATA-BSP1709, and Bifidobacterium infantis ATA-BSI17094, alongside the pathogenic Staphylococcus aureus ATCC 29213 strain. The experimental design was structured to determine the inhibitory impacts of widely used pediatric antibiotics, such as amoxicillin and azithromycin, and the protective role of GA during this process. All strains were preserved in 20% glycerol at -80 °C until required. Prior to the experiments, stock probiotic strains were inoculated onto De Man-Rogosa-Sharpe (MRS) agar and activated at 37 °C for 48 hours. S. aureus was inoculated onto Nutrient Agar (NA) and activated at 37 °C for 24 hours.
4.2. Antibiotics and Concentrations
Amoxicillin and azithromycin were selected as the model antibiotics for the study [39,40]. The specified antibiotic concentrations for the respective strains were as follows:
· For L. casei: amoxicillin 4 mg/L, azithromycin 1 mg/L.
· For B. bifidum: amoxicillin 2 mg/L, azithromycin 1 mg/L.
· For B. infantis: amoxicillin 2 mg/L, azithromycin 1 mg/L.
· For S. aureus: amoxicillin 4 mg/L, azithromycin 1 mg/L.
4.3. Preparation of Gum Arabic and Culture Media
Fifty grams of powdered GA (Akavital/Ankara/Türkiye) was dissolved in 100 mL of sterile distilled water to achieve a final extract concentration of 50% (w/v). To ensure complete extraction, the solution was incubated in a sealed Erlenmeyer flask for 24 hours, after which the obtained extract was sterilized via filtration. Subsequent dilutions at 1%, 2%, 3%, and 5% (w/v) were prepared from this stock solution [3]. The basal media utilized in the study were established as De Man-Rogosa-Sharpe agar (MRS; Condalab, Madrid, Spain) for the L. casei strain, Brain Heart Infusion agar (BHI; Condalab, Madrid, Spain) for B. bifidum and B. infantis, and Nutrient Agar (NA; Condalab, Madrid, Spain) for S. aureus. To assess the prebiotic effect of GA, the basal media for each strain were modified with the addition of 1%, 2%, 3%, and 5% (w/v) GA. Furthermore, agar environments containing amoxicillin and azithromycin at the predefined strain-specific concentrations were prepared to determine antibiotic efficacy. To evaluate antibiotic-prebiotic interactions, test groups were established utilizing combined agar media containing either azithromycin or amoxicillin alongside 1%, 2%, 3%, and 5% (w/v) GA.
4.4. Quantitative Analysis and Spread Plate Method
The quantifiable bacterial load and the subsequent effects of GA and antibiotics on the tested microorganisms were determined using the spread-plate method, a standard microbiological protocol [41]. Fresh colonies incubated on agar media for 24 hours (S. aureus) and 48 hours (L. casei, B. bifidum, and B. infantis) were adjusted to a 0.5 McFarland standard (≈ 1.5 × 10⁸ CFU/mL). One milliliter from the prepared stock suspension was transferred into 9 mL of 0.9% Isotonic Saline Solution (Polifarma, Türkiye) to achieve an initial 10⁻¹ dilution. The serial dilution process was maintained until a final concentration of 10⁻⁶ was reached. Aliquots of 100 µL from the 10⁻⁵ and 10⁻⁶ dilutions were inoculated onto the respective agar plates via the spread plate technique. The inoculated plates for L. casei, B. bifidium, and B. infantis were incubated in an anaerobic incubator with 5% CO₂ at 37 °C for 48 hours, whereas S. aureus plates were incubated at 37 °C for 24 hours. All experiments were performed in triplicate. Following the incubation period, the resulting colonies were counted manually, averaged, and the colony-forming units (CFU/mL) were calculated using the following formula [41]:


4.5. Translational Additional Studies: Semisolid Carrier System Development and Performance Tests
In this section, a GA-based carrier system was designed and screened in two stages to evaluate the translatability of the biological windows (particularly the 1–2% (w/v) GA range) obtained from the main in vitro microbiology study into a viable semisolid carrier: (i) generation of candidates via preformulation/DoE and short-term physical suitability screening; (ii) rheology (flow behavior) and IVRT-based release/kinetic screening. The semisolid performance testing approach and the IVRT experimental window were designed in accordance with recommended guidelines for topical products [42–44].
4.5.1. Materials
GA was sourced from Akavital (Ankara, Türkiye). Hydrogenated phosphatidylcholine (HPC; hydrogenated lecithin) was utilized to form the carrier matrix, alongside propylene glycol (PG) as a hydrophilic cosolvent and isopropyl myristate (IPM) as a lipophilic penetration enhancer. All excipients were of pharmaceutical/analytical grade; HPLC-grade solvents and reagents were used for HPLC analyses. Azithromycin and amoxicillin were selected as the model drug loads.
4.5.2. GA Stock Solution and Working Concentrations
In alignment with the GA preparation approach utilized in the main study, a GA stock solution was formulated at 50% (w/v). Following a 24-hour resting period in a closed vessel, it was sterilized via filtration. Working concentrations of 1%, 2%, 3%, and 5% (w/v) were subsequently prepared from this stock.
4.5.3. Formulation Design (DoE) and Selection of Variables
The preformulation screening was structured using a blocked, nested factorial design of experiments (DoE). The objectives were to (i) observe the impact of GA concentration on carrier microstructure and flow behavior, and (ii) compare different penetration enhancers (co-solvent vs. lipophilic enhancer) like PG and IPM on an identical phospholipid base. Consequently, HPC was kept constant at 2.5% (w/w); this design rationale was supported by studies indicating that phosphatidylcholine/hydrogenated phosphatidylcholine can fortify carrier architecture and enhance drug permeation [45,46]. The DoE factors were defined as follows:
· Factor A (GA, %): 1, 2, 3, 5
· Factor B (Enhancer type; block): PG or IPM
· Factor C (Enhancer level; nested within type): PG block at 5% (low) and 10% (high); IPM block at 3% (low) and 7% (high)
· Fixed component: HPC = 2.5% (w/w); made up to 100% with water (q.s.)
This framework generated 16 formulations (F1-F16) (Table 4). To benchmark against a robust fatty acid penetration-enhancing mechanism, an alternative optional block was defined where oleic acid (OA) was substituted for HPC at 2.5%, serving as a limited comparator set outside the main DoE; OA's penetration-enhancing mechanism via fluidization/phase separation of stratum corneum lipids is well-documented in the literature [47–49].
Table 4. DoE formulation matrix (HPC fixed at 2.5%; water q.s. to 100%; percentages are w/w). 
	Code
	Block
	GA (%)
	PG (%)
	IPM (%)
	HPC (%)

	F1
	PG
	1
	5
	0
	2,5

	F2
	PG
	2
	5
	0
	2,5

	F3
	PG
	3
	5
	0
	2,5

	F4
	PG
	5
	5
	0
	2,5

	F5
	PG
	1
	10
	0
	2,5

	F6
	PG
	2
	10
	0
	2,5

	F7
	PG
	3
	10
	0
	2,5

	F8
	PG
	5
	10
	0
	2,5

	F9
	IPM
	1
	0
	3
	2,5

	F10
	IPM
	2
	0
	3
	2,5

	F11
	IPM
	3
	0
	3
	2,5

	F12
	IPM
	5
	0
	3
	2,5

	F13
	IPM
	1
	0
	7
	2,5

	F14
	IPM
	2
	0
	7
	2,5

	F15
	IPM
	3
	0
	7
	2,5

	F16
	IPM
	5
	0
	7
	2,5


4.5.4. Preparation of Preformulations
For each formulation, the corresponding working GA solution (Factor A) was placed into a beaker; HPC (2.5%) was then incorporated under controlled stirring until a homogeneous dispersion was achieved. Subsequently, either PG (5% or 10%) or IPM (3% or 7%) was added according to the DoE matrix. The mixing/homogenization procedure was standardized across all formulations to produce visually homogeneous systems. Total mass was adjusted to 100% (q.s.) utilizing sterile distilled water. The antibiotic load was maintained constant across all formulations to ensure comparability.
4.5.5. Short-Term Physical Screening and Stability Observation
Following preparation and during short-term storage (24-72 hours; room temperature and 37 °C), the formulations were screened for homogeneity, phase separation/creaming, pH, and reproducibility of sampling. Systems exhibiting rapid phase separation or failing to yield reproducible sampling were de-prioritized for advanced testing.
4.5.6. Rheological Characterization: Apparent Viscosity-Shear Rate Profile
Flow behavior screening was conducted using a Brookfield-type rotational viscometer, based on the multi-speed measurement approach recommended for non-Newtonian materials [50]. A Small Sample Adapter (SC4) and an SC4-27 spindle were employed; the shear rate conversion was calculated according to the manufacturer's adapter constant as γ̇ (s⁻¹) = 0.34 × rpm. Measurements were executed at 5, 10, 20, 50, and 100 rpm (corresponding to 1.7, 3.4, 6.8, 17, and 34 s⁻¹, respectively). Samples were gently homogenized prior to measurement to minimize air bubbles, equilibrated at 32 ± 0.5 °C for 10 minutes, and the speed sweep was applied from 5 to 100 rpm. At each speed, readings were taken once the torque/viscosity reached a plateau (typically 30-60 s), ensuring the torque remained within the recommended range (approximately 10%-100%). All measurements were conducted in triplicate (n=3) and reported as mean ± SD.
4.5.7. In Vitro Release Test (IVRT) and HPLC Quantitative Analysis Using GA-Marker (Galactose Equivalent)
Following the rheological screening, formulations F6, F10, F14, and F15 advanced to the IVRT-based kinetic/release evaluation (n=3). The study design was structured around the discriminatory 4–6 hour IVRT window recommended for topical products; the range showing linear release rates (target r² ≥ 0.97) was evaluated via time-point sampling from 0 to 6 hours, and the 12th hour was included as an additional endpoint [42]. Due to the unavailability of a Franz cell, the experiments were conducted in a temperature-controlled and stirred receptor environment, aligning with the membrane-based diffusion approach defined in semisolid performance tests [43,44]. Because GA is a complex mixture with heteropolysaccharide/glycoprotein character, release was monitored using a monosaccharide marker strategy rather than attempting to trace a single intact GA signal. Given that galactose is reported to be one of the dominant neutral sugar fractions following GA hydrolysis, the GA-specific analyte in the receptor samples was defined as galactose equivalents utilizing D-galactose standards [51].
Receptor samples were extracted at 0, 0.5, 1, 2, 3, 4, 5, 6, and 12 hours. To liberate the monosaccharides, the samples were hydrolyzed with 2 M trifluoroacetic acid (TFA) at 121 °C. Since polysaccharide hydrolysis conditions dictate sugar recovery and degradation risk, hydrolysis severity was strictly controlled to ensure comparability between formulations [52]. Following hydrolysis, TFA was removed; the monosaccharides were derivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP) under alkaline conditions and quantified via RP-HPLC with UV/DAD detection (~245 nm). This validated approach utilizing PMP pre-column derivatization for monosaccharide profile analysis is well-established in the literature [53]. Cumulative percentage release was calculated for kinetic screening; standard transformations (cumulative release vs. √t, log10(% remaining) vs. t, cube root(% remaining) vs. t) were also generated for discriminatory purposes. It has been reported that PG and IPM can alter transport behaviors in membrane-based diffusion experiments, and good fits with the Higuchi representation can be achieved in certain systems [54].
4.5.8. Statistical Approach
A blocked, nested ANOVA compatible with the DoE structure was planned to evaluate the preformulation screening outputs (pass/fail, rheological parameters, IVRT endpoints); the significance level was set at p < 0.05.
5. Conclusions
This study has successfully demonstrated, through two complementary approaches, the potential of GA to sustain microbial equilibrium under antibiotic stress, alongside its translatability into a viable semisolid carrier. The primary CFU-based experiments revealed that GA, particularly within the 1–2% range, could stimulate the growth of Bifidobacterium species and L. casei; furthermore, it conferred a protective trend on B. infantis under azithromycin stress, as evidenced by elevated CFU counts. Conversely, the reduction of pathogenic S. aureus CFU counts upon 2% GA addition in the presence of amoxicillin indicates that GA can modulate antibiotic efficacy within a defined concentration window.
The translational arm transposed this biological concentration window into GA-HPC-based semisolid systems, screening 16 candidate formulations via DoE. Rheological profiling detected shear-thinning behavior across all candidates, pinpointing F14 and F15 (containing 7% IPM) as the optimal choices in balancing retention and spreadability. The release hierarchy established through the IVRT-PMP-HPLC methodology tracking galactose equivalent markers (F6 > F10 > F14 > F15) proved that the release behaviors of the PG and IPM blocks could be significantly discriminated. Nonetheless, to fully elucidate the underlying mechanisms and their clinical correlations, future validation studies employing co-culture/biofilm endpoints, simultaneous release-permeation tests of antibiotic and GA (IVPT/Franz diffusion), and appropriate in vivo models are highly recommended.
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