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_ Background/Objectives: Atopic dermatitis (AD) is associated with gut dysbiosis linked to
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Revised: 31 March 2026 early-life antibiotic use and Staphylococcus aureus colonization. Gum Arabic (GA), a prebi-
Accepted: 4 April 2026 otic, may modulate this dysbiosis and influence AD-related microbial balance. This study
Published: 8 April 2026 evaluated whether GA could support AD-associated probiotics-Lactobacillus casei, Bifidobac-
Copyright: © 2026 by the authors. terium bifidum, and Bifidobacterium infantis-under amoxicillin- or azithromycin-containing
Licensee MDPI, Basel, Switzerland. conditions, examined the response of S. aureus under the same screening conditions, and

This article is an open access article developed GA-phospholipid-based semisolid carriers for topical application. Methods:
distributed under the terms and L. . . o . e .

N i Probiotic strains were cultured with 1-5% GA in the presence and absence of antibiotics,
conditions of the Creative Commons

Attribution (CC BY) license. and viable cell counts were assessed. Sixteen topical formulations containing propylene
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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 preserved B. infantis viability under azithromycin exposure
in this in vitro screening model. For S. aureus, numerical CFU differences were observed
between antibiotic-only and GA-containing conditions; however, the present screening
design was not intended to determine antibiotic interaction outcomes. Formulations F14
(2% GA + 7% IPM) and F15 (3% GA + 7% IPM) exhibited optimal spreadability. IVRT
showed that 6 h cumulative galactose release varied by formulation (F6 > F10 > F14 > F15).
Conclusions: GA demonstrated dose-dependent prebiotic activity and preserved B. infantis
viability under azithromycin exposure in this in vitro screening model. For S. aureus, the
observed CFU differences between antibiotic-only and GA-containing conditions should
be considered exploratory only and do not allow for conclusions regarding interference
with antibiotic efficacy. Optimized GA-HPC systems with suitable rheological and release
characteristics represent promising candidates for further preclinical investigation.

Keywords: gum arabic; acacia gum; atopic dermatitis; antibiotics; dysbiosis; Staphylococcus
aureus; probiotics; rheology; IVRT

1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin pathology affecting approx-
imately 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 in microbial composition)
caused by childhood antibiotic exposure [4]. Antibiotic exposure during early life, particu-
larly 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 by indication, early antibi-
otic 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 an-
tibiotic administration during this phase causes a dramatic reduction in the Bifidobacterium
population—a keystone genus crucial for gut health that degrades human milk oligosac-
charides 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
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production capacity. The depletion of SCFAs, particularly butyrate and propionate, ad-
versely 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 struc-
ture 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 pro-
files 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 differentia-
tion proteins like filaggrin and loricrin while suppressing NF-«kB-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 [1,2,22]. Given
that prebiotics, when used with probiotics, can suppress pathogen adhesion and biofilm
formation [23], GA may merit investigation as a microbiota-supportive adjunct under
antibiotic-containing conditions; however, any effect on antibiotic efficacy, synergy, or
antagonism must be established by dedicated interaction studies rather than inferred from
screening-level observations.

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 addition, GA is a heterogeneous arabinogalactan—protein biopolymer composed pre-
dominantly of branched polysaccharide fractions with a minor protein-containing fraction.
Current structural models describe GA as containing arabinogalactan, arabinogalactan—
protein, and glycoprotein fractions that differ mainly in molecular size and protein content,
with a 3-(1 — 3)-galactopyranosyl backbone and (3-(1 — 6)-linked side chains terminat-
ing in arabinose, rhamnose, and glucuronic acid residues [29,30]. In the gastrointestinal
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tract, GA acts as a robust prebiotic, selectively fermented by colonic bacteria to stimulate
Bifidobacterium and Lactobacillus populations while suppressing pathogens such as Clostrid-
ium [31,32]. Mechanistically, GA promotes the production of SCFAs like butyrate, which
inhibits the NF-«B signaling pathway and downregulates pro-inflammatory cytokines such
as IL-6 and TNF-oc [27,33]. Additionally, GA has been shown to exhibit a synergistic effect
with Lactobacillus strains, increasing antimicrobial protein stability and disrupting cell mem-
brane integrity in multidrug-resistant (MDR) pathogens by enhancing DNA leakage [32].
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 antag-
onism [34]. Amoxicillin and azithromycin were selected as model antibiotics because they
are among the most commonly prescribed antibacterial agents in children and represent
two mechanistically distinct classes, namely (-lactams and macrolides [35,36]. This pair
was also considered clinically informative because azithromycin has been associated with
measurable alterations in pediatric gut microbial diversity, thereby allowing for the evalu-
ation of GA under two different antibiotic pressure profiles [36]. Therefore, quantifying
the interaction window of prebiotic candidates like GA with antibiotics in vitro is crucial.
Accordingly, GA should be investigated primarily as a microbiota-supportive adjunct,
whereas any synergistic or antagonistic interaction with antibiotics must be confirmed by
dedicated interaction assays such as checkerboard or time-kill testing [37]. 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 [38,39]. The systematic investigation of rheological be-
havior and applicability in topical liposome-gel systems aligns directly with the approach
of incorporating GA into a suitable semisolid vehicle [40]. As a natural biopolymer, GA
can serve as a functional platform material dictated by its rheological and kinetic parame-
ters [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 [41,42].

To translate this robust microbiological and immunological potential into clinical util-
ity, 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 simul-
taneously 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 phosphatidyl-
choline (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 whether GA, as a prebiotic,
could support selected AD-associated probiotic strains (Lactobacillus casei, Bifidobacterium
bifidum, and Bifidobacterium infantis) under exposure to commonly used pediatric antibiotics
(amoxicillin and azithromycin), and to examine whether GA altered the observed response
of Staphylococcus aureus ATCC 29213 under the selected antibiotic conditions. A second
objective was to translate the microbiological findings into GA-based semisolid carrier
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systems for topical use and to identify candidate formulations through rheological screening
and in vitro release testing (IVRT) using galactose equivalents as a release marker.

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 8.3 x 10° 84 x 10° 5.1 x 107 5.1 x 107 5.1 x 10°
Azithromycin - - - - -
Amoxicillin - - - - -
Bifidobacterium infantis
BHI BHI %1 GA BHI %2 GA BHI %3 GA BHI %5 GA
Non-Antibiotic 1.9 x 107 6.0 x 107 6.4 x 107 ND ND
Azithromycin 5.5 x 10° 8.0 x 10° 1.3 x 107 ND ND
Amoxicillin - - - ND ND
Bifidobacterium bifidum
BHI BHI %1 GA BHI %2 GA BHI %3 GA BHI %5 GA
Non-Antibiotic 6.7 x 107 8.6 x 108 9.0 x 108 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 x 10° 5.7 x 10° 5.7 x 10° 5.9 x 10° ND
Azithromycin 4.8 x 10° 4.8 x 10° 4.5 x 10° 4.7 x 10° ND
Amoxicillin 6.1 x 10° 34 x 10° 1.4 x 10° 3.1 x 107 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 8.3 x 10° CFU/mL. The
addition of 1% (w/v) GA yielded a comparable count (8.4 x 10° CFU/mL), whereas 2% and
3% (w/v) GA increased the count to 5.1 x 107 CFU/mL, corresponding to an approximately
2-log increase. At 5% (w/v) GA, the count returned to the 10° CFU/mL range. Under the
selected assay conditions, no detectable growth was observed at any GA concentration in
the presence of azithromycin or amoxicillin.

For Bifidobacterium infantis, the baseline growth of 1.9 x 107 CFU/mL in antibiotic-free
BHI medium increased to 6.0 x 107 and 6.4 x 107 CFU/mL with the addition of 1% and
2% (w/v) GA, respectively, indicating growth promotion at lower concentrations. In the
presence of azithromycin, bacterial counts ranged from 5.5 x 10° to 1.3 x 107 CFU/mL.
Notably, the counts obtained with 1% and 2% (w/v) GA (8.0 x 10° and 1.3 x 107 CFU/mL,
respectively) were higher than in the antibiotic-only condition. No detectable growth was
observed in the amoxicillin-treated groups. Evaluations could not be performed in media
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containing 3% and 5% (w/v) GA because the physical properties of the agar no longer
allowed for reliable counting.

The population of Bifidobacterium bifidum in antibiotic-free BHI medium was
6.7 x 107 CFU/mL. With 1% and 2% (w/v) GA supplementation, the counts increased
to 8.6 x 108 and 9.0 x 10® CFU/mL, respectively, representing an approximately 1-log
increase. Under the selected assay conditions, no detectable growth was observed in the
azithromycin- or amoxicillin-containing groups.

2.1.2. Interaction of GA with Antibiotic-Associated CFU Changes in S. aureus

The baseline growth of Staphylococcus aureus ATCC 29213 in antibiotic-free NA medium
was 3.1 x 10° CFU/mL and increased to the 5.7-5.9 x 10° CFU/mL range with 1-3% (w/v)
GA supplementation. In media containing azithromycin or amoxicillin alone, the counts
were 4.8 x 10” and 6.1 x 10? CFU/mL, respectively, indicating that the selected screening
concentrations did not produce complete growth suppression in this assay.

In the presence of azithromycin plus 1-3% (w/v) GA, CFU counts ranged from 4.5 to
4.8 x 10° CFU/mL, with the numerically lowest value observed at 2% GA. In the amoxi-
cillin + GA groups, counts ranged from 1.4 to 3.4 x 10° CFU/mL, again with the lowest
value at 2% GA. Collectively, these observations indicate that, under the present screening
conditions, GA did not abolish the observed antibiotic-associated reduction in S. aureus CFU
and may influence the magnitude of that response. Because no MIC, MBC, checkerboard,
or time-kill assays were performed, these data should be interpreted as screening-level
observations rather than evidence of synergy, antagonism, or resistance modulation.

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
34.0 571, signifying a distinct shear-thinning behavior over the tested range.

Within the PG block, apparent viscosity at 1.7 s~! 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 compara-
tively modest viscosity decay toward 34.0 s~! (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 el-
evated 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~ (SD 17.6-21.5) and 276.7-338.1 mPa-s at 34.0 s~ !
(SD 8.3-10.1); whereas 7% IPM produced 810.0-990.0 mPa-s at 1.7 s~ (SD 24.3-29.7) and
329.8-403.0 mPa-s at 34.0 s~ (SD 9.9-12.1). In both carrier blocks, under the current formu-
lation 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 spreadabil-
ity), 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~
(990.0 mPa-s, SD 29.7 and 900.0 mPa-s, SD 27.0, respectively), alongside substantially re-
duced viscosities at 34.0 s~! (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~ !:
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).
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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 Formulation Components o1 1 (mPa-s) Comment
Code (Single Column) (3 Replicates = SD)
F14 GA 2% +IPM 7% + HPC 2.5% + water q.s. 1.7 990.0 & 29.7
F14 GA 2% +IPM 7% + HPC 2.5% + water q.s. 3.4 804.0 +=24.1 Highest “rest” viscosity with
Fl4 GA 2% + IPM 7% + HPC 2.5% + water q.s. 6.8 6535 + 19.6 strong shear-thinning; supports
retention and good spreadability
F14 GA 2% + IPM 7% + HPC 2.5% + water g.s. 17.0 496.0 4+ 14.9 durlng application‘
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
F15 GA 3% +IPM 7% + HPC 2.5% + water q.s. 3.4 731.0 £21.9 Similar to F14; slightly higher
F15 GA 3% + IPM 7% + HPC 2.5% + water gs. 6.8 593.8 + 17.8 GA may increase film
formation/adhesion while
F15 GA 3% + IPM 7% + HPC 2.5% + water g.s. 17.0 451.1 +13.5 malntalnlng Spreadability'
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
F10 GA 2% +IPM 3% + HPC 2.5% + water q.s. 3.4 601.2 £ 18.0 Moderate viscosity with
o o o pronounced shear-thinning;
F10 GA 2% +IPM 3% + HPC 2.5% + water q.s. 6.8 505.4 4 15.2 balanced candidate for a lighter
F10 GA 2% + IPM 3% + HPC 2.5% + water q.s.  17.0 4019 +£12.1 sensory profile.
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
Fé6 GA 2% + PG 10% + HPC 2.5% + water q.s. 3.4 632.7 +19.0 PG-series; weaker
F6 GA 2% + PG 10% + HPC 2.5% + water q.s. 6.8 5822 +17.5 shear-thinning but good
applicability in homogeneous
F6 GA 2% + PG 10% + HPC 2.5% + water q.s.  17.0 521.5 £ 15.6 aqueous-based systems
F6 GA 2% + PG 10% + HPC 2.5% + water 5. 34.0 479.9 + 14.4 (reference for PG vs. IPM).

Gum Arabic Suspensions

1000 - F14
] — F15
s . — F10
s F6
b i —_—
§ 500—:
> ]
0 T T T 1
0 10 20 30 40
Share Rate (1/min)

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 showed a monotonic increase in cumulative galactose release for all formulations
over the study period. At 6 h, cumulative release (mean £ SD) was 78.414% for F6, 73.186%
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for F10, 67.212% for F14, and 63.478% for F15. At 12 h, the highest cumulative release was
observed for F6 (85.500%).

In kinetic screening, all formulations showed strong linearity in the Higuchi represen-
tation (cumulative release versus the square root of time), with determination coefficients
(R?) ranging from 0.981 to 0.987. First-order transformations (% remaining versus time)
also showed high linearity (R? = 0.988-0.994) (Table 3, Figure 2).

Table 3. IVRT endpoints and Higuchi rate parameters (1 = 3).

Formulation Q6h (%; Mean + SD) Q12h (%; Mean + SD) kH (%-h—1/?) 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

100 -
-~ FI15
80 = Fl14
-4 F10
60—
-~ F6

40-

20

GA marker Cumulative Release (%)

Hours

Figure 2. Time-dependent in vitro cumulative galactose release profiles (%) from the selected formula-
tions in a membrane-based diffusion system over 12 h. Data are presented as mean + SD (n = 3).

IVRT is widely recognized as a discriminatory performance test for semisolid matrices,
with linear release within a defined time window serving as an important suitability
criterion [43—45]. In this context, the observed rank order suggests that PG, as a more
hydrophilic cosolvent, favored faster apparent release, whereas IPM was associated with a
more retarded release profile consistent with a more structured lipophilic phase.

3. Discussion

AD that begins early in life is often followed by food allergy, asthma, and allergic rhini-
tis, a progression commonly referred to as the “atopic march”. The disease reflects broader
disturbances in immune regulation and skin barrier function and is increasingly prevalent
in pediatric populations. Evidence from animal studies and clinical observations suggests
that early antibiotic exposure may contribute to this trajectory by perturbing microbiota
development during infancy, a critical period for immune and metabolic maturation [4].

One of the primary microbiota alterations observed in children subsequent to antibi-
otic exposure is the depletion of the Bifidobacterium population. Bifidobacterium species,
which play a central role in the degradation of human milk oligosaccharides, are founda-
tional components of the early-life gut microbiota [4]. Amoxicillin and azithromycin were
selected not only because of their frequent pediatric use but also because they provide two
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mechanistically distinct models of antibiotic exposure, namely {3-lactam and macrolide
pressure [35,36]. Previous clinical evidence has shown that azithromycin can measurably
alter pediatric gut microbial diversity, whereas the microbiome effect of amoxicillin appears
less pronounced or less consistent in comparable settings [36]. In our study, both antibiotics
exerted inhibitory effects on the tested probiotic strains under the selected assay conditions.

GA is a prebiotic dietary fiber capable of being selectively fermented by lactobacilli
and bifidobacteria into short-chain fatty acids [46]. Alhssan et al. [47] 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. [48] 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. [49] 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. [31] 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 [50]. 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. The absence of detectable B. infantis growth in the amoxicillin-containing
groups in our assay is consistent with previous reports showing that bifidobacteria are
generally susceptible to 3-lactams, including amoxicillin, although the degree of inhibition
is strain-dependent. Accordingly, the stronger inhibitory effect observed here should be
interpreted as an isolate- and condition-specific finding rather than as a universal property
of all B. infantis strains [51,52].

Lactobacillus casei is a probiotic strain with reported benefits in pediatric AD. Klewicka
et al. [53] showed that L. casei DN-114001 supplementation in children with AD favorably
affected gut microbiota composition, particularly bifidobacteria and clostridia. A meta-
analysis by Tan-Lim et al. [54] also highlighted the potential of L. casei to alleviate allergic
symptoms in pediatric AD, supporting its inclusion in the present study. Here, 2% and 3%
(w/v) GA produced an approximately 2-log increase in L. casei under antibiotic-free condi-
tions. However, under the selected antibiotic conditions, GA did not preserve detectable
L. casei growth.

Staphylococcus aureus plays a central role in AD pathophysiology. In a study evaluating
various extracts of Omani and Sudanese GA by disk diffusion, Al Alawi et al. [28] reported
relatively low antibacterial activity against S. aureus for the n-butanol extract. In the
present study, 1%, 2%, and 3% (w/v) GA alone did not reduce S. aureus CFU relative to
the untreated condition. When combined with azithromycin or amoxicillin, numerical
CFU differences were observed between antibiotic-only and GA-containing conditions,
with the numerically lowest counts obtained at 2% GA in some combinations. However,
because this study was not designed as a formal interaction or susceptibility assay, and
because no MIC/MBC, checkerboard, FICI, or time-kill experiments were performed, these
data are insufficient to determine whether GA preserves, reduces, or enhances antibiotic
efficacy. Therefore, the S. aureus findings should be interpreted strictly as exploratory
screening observations [37]. Al-Behadliy et al. [3] reported an MIC of 40 mg/mL for
aqueous GA extract against S. aureus isolates. The absence of a direct inhibitory effect in
our study may reflect differences in assay design, strain behavior, and the concentration
window evaluated here. Importantly, these exploratory in vitro findings should not be
used to support any clinical recommendation regarding the concomitant use of GAc with
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amoxicillin or azithromycin, and they should not be interpreted as evidence that GA does
not interfere with antibiotic treatment in patients.

The translational phase of this study was designed to connect the microbiologically
relevant GA window—particularly 1-2%—with a pharmaceutically workable semisolid
carrier. In the microbiological assay, the inability to obtain reliable readings at 3-5%
GA because of excessive medium softness indicated that GA affected not only biological
outcomes but also matrix behavior. Accordingly, GA-HPC systems were constructed in PG
and IPM blocks and screened by rheological and kinetic performance. For topical use, the
target profile combines sufficient low-shear viscosity to support residence at the application
site with a marked viscosity decrease under shear to facilitate spreading during rubbing.
The shear-thinning behavior observed across the candidate formulations is consistent with
this desired semisolid profile [55]. Within this framework, the 7% IPM systems (F14 and
F15) generated the strongest low-shear structures while maintaining good spreadability at
higher shear. By contrast, the PG-based series, particularly F6, showed a smaller viscosity
drop across the same shear range, which is consistent with the role of PG as a hydrophilic
cosolvent. In both enhancer blocks, intermediate GA concentrations (2-3%) provided the
most favorable overall structural response under the present formulation conditions.

From an analytical standpoint, using galactose equivalents as a release marker instead
of attempting to follow the intact GA polymer was a pragmatic approach for IVRT [56].
PMP derivatization after hydrolysis enabled sensitive quantification of liberated monosac-
charides by HPLC [57]. At the same time, the robustness of this approach depends strongly
on controlled hydrolysis conditions because sugar recovery and degradation can vary
with hydrolysis severity [58]. The kinetic data showed a formulation-dependent release
order of F6 > F10 > F14 > F15, with the faster release from F6 being consistent with the
presence of 10% PG as a hydrophilic cosolvent. Previous membrane-based diffusion studies
likewise indicate that PG and IPM can influence transport behavior from semisolid matrices
and that acceptable fits to Higuchi-type release may be observed in selected systems [59].
Importantly, IVRT is a discriminatory in vitro tool rather than a direct surrogate for clinical
performance. The strong R? values obtained here indicate that the selected formulations
generated reproducible, formulation-dependent release profiles within this experimental
setting. These findings support the use of the selected carriers in subsequent IVPT studies
with Franz diffusion cells, as well as in more mechanistic models such as co-culture and
biofilm systems.

4. Materials and Methods
4.1. Microorganisms and Culture Conditions

In this in vitro study, the effects of GA on selected AD-associated probiotic strains—
Lactobacillus casei ATA-LCC98073, Bifidobacterium bifidum ATA-BSP1709, and Bifidobacterium
infantis ATA-BSI17094—were evaluated alongside Staphylococcus aureus ATCC 29213. The
experimental setup was designed to explore whether GA could support probiotic growth
under exposure to the selected pediatric antibiotics, amoxicillin and azithromycin, and
whether it altered the observed response of S. aureus under the same conditions. All strains
were preserved in 20% glycerol at —80 °C until use. Before the experiments, probiotic stock
cultures were activated on De Man-Rogosa-Sharpe (MRS) agar at 37 °C for 48 h, whereas
S. aureus was activated on Nutrient Agar (NA) at 37 °C for 24 h.

4.2. Antibiotics and Concentrations

Amoxicillin and azithromycin were selected as the model antibiotics because they
are among the most commonly prescribed antibacterial agents in children and represent
two mechanistically distinct classes, namely 3-lactams and macrolides [35,36]. This pair
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was also considered clinically informative because azithromycin has been associated with
measurable alterations in pediatric gut microbial diversity, thereby allowing for the evalu-
ation of GA under two different antibiotic pressure profiles [36]. 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, Tiirkiye) was dissolved in 100 mL
of sterile distilled water to obtain a 50% (w/v) stock solution. GA is a heterogeneous
arabinogalactan—protein biopolymer composed predominantly of polysaccharide fractions
with a minor protein-containing fraction [29,30]. Supplier-provided batch quality infor-
mation indicated compliance of the commercial grade with Eur. Ph., USP/NF, and BP
specifications, including identity, physicochemical, elemental impurity, and microbiological
quality criteria. The analyzed batch showed >90% total dietary fiber (dry basis), pH 4.80
in a 25% solution, viscosity of 70 mPa-s, moisture content of 9.1%, and total ash of 3.50%
(Supplementary Material Figure S1). The material was used as supplied, and no additional
lot-specific compositional profiling was performed in this study. To ensure complete ex-
traction, the solution was held in a sealed Erlenmeyer flask for 24 h and then sterilized
by filtration. Working dilutions of 1%, 2%, 3%, and 5% (w/v) were prepared from this
stock [3]. The basal media were De Man-Rogosa—-Sharpe agar (MRS; Condalab, Madrid,
Spain) for L. casei, 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 effect of GA, each basal medium was supplemented with 1%, 2%, 3%, or 5% (w/v) GA.
Media containing amoxicillin or azithromycin at the predefined strain-specific concentra-
tions were prepared in parallel, and combined GA + antibiotic media were used to examine
the corresponding screening interactions.

4.4. Quantitative Analysis and Spread Plate Method

Bacterial load and the effects of GA and antibiotics on the tested microorganisms were
determined by the spread-plate method [60]. Fresh colonies incubated for 24 h (S. aureus)
or 48 h (L. casei, B. bifidum, and B. infantis) were adjusted to 0.5 McFarland (approximately
1.5 x 108 CFU/mL). One milliliter of the prepared suspension was transferred to 9 mL
of 0.9% isotonic saline solution (Polifarma, Istanbul, Tiirkiye) to obtain a 10! dilution,
and serial dilutions were continued to 10~°. Aliquots of 100 uL from the 107> and 10~°
dilutions were spread onto the relevant agar plates. Plates containing L. casei, B. bifidum,
and B. infantis were incubated at 37 °C for 48 h under anaerobic conditions with 5% CO5,
whereas S. aureus plates were incubated at 37 °C for 24 h. All experiments were performed
in triplicate. After incubation, colonies were counted manually, averaged, and converted to
colony-forming units per milliliter (CFU/mL) using the following formula [60]:

Number of colonies x Dilution factor
Volume plated (mL)

CFU/mL =

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 whether the biologically relevant GA window identified in the microbiology
study—particularly 1-2% (w/v)—could be translated into a viable semisolid carrier. Stage 1
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comprised candidate generation through preformulation and short-term physical suit-
ability screening, and Stage 2 comprised rheological screening and IVRT-based kinetic
evaluation. The semisolid performance testing strategy and IVRT window were aligned
with recommended guidance for topical products [43-45].

4.5.1. Materials

GA was sourced from Akavital (Ankara, Tiirkiye). 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 pen-
etration 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 h 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 stage was organized as a blocked, nested screening design. The
objectives were (i) to examine the impact of GA concentration on carrier microstructure and
flow behavior and (ii) to compare two enhancer classes—PG as a hydrophilic cosolvent and
IPM as a lipophilic enhancer—within the same phospholipid base. HPC was therefore kept
constant at 2.5% (w/w), in line with reports that phosphatidylcholine /hydrogenated phos-
phatidylcholine can strengthen carrier architecture and support drug permeation [61,62].
The design factors were defined as follows:

e Factor A (GA, %): 1,2,3,5.
e  Factor B (Enhancer type; block): PG or IPM.
e  Factor C (Enhancer level; nested within type): PG block at 5% (low) and 10% (high).

IPM block at 3% (low) and 7% (high).

e  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 lim-
ited 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 [63-65].

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
Fé6 PG 2 10 0 2.5
F7 PG 3 10 0 2.5
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Table 4. Cont.
Code Block GA (%) PG (%) IPM (%) HPC (%)
F8 PG 5 10 0 25
F9 IPM 1 0 3 25
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 25
F14 IPM 2 0 7 2.5
F15 IPM 3 0 7 2.5
F16 IPM 5 0 7 25

4.5.4. Preparation of Preformulations

For each formulation, the corresponding working GA solution (Factor A) was trans-
ferred to a beaker, and HPC (2.5%) was incorporated under controlled stirring until a
homogeneous dispersion was obtained. PG (5% or 10%) or IPM (3% or 7%) was then added
according to the design matrix. Mixing and homogenization were standardized across
formulations to obtain visually homogeneous systems. The total mass was adjusted to 100%
(g.s.) with sterile distilled water. The antibiotic load was kept constant across formulations
to preserve comparability.

4.5.5. Short-Term Physical Screening and Stability Observation

After preparation and during short-term storage (24-72 h at room temperature and
37 °C), the formulations were screened for homogeneity, phase separation/creaming, pH,
and reproducibility of sampling. Systems showing rapid phase separation or inconsistent
sampling behavior were not prioritized for advanced testing.

4.5.6. Rheological Characterization: Apparent Viscosity-Shear Rate Profile

Flow behavior screening was performed with a Brookfield-type rotational viscometer
using a multi-speed approach suitable for non-Newtonian materials [55]. A Small Sam-
ple Adapter (SC4) and an SC4-27 spindle were used, and the shear rate conversion was
calculated according to the manufacturer’s adapter constant as y’ (s71)=0.34 x rpm. Mea-
surements were taken at 5, 10, 20, 50, and 100 rpm, corresponding to 1.7, 3.4, 6.8, 17, and
34 571, respectively. Samples were gently homogenized before measurement to minimize
air entrapment, equilibrated at 32 &= 0.5 °C for 10 min, and then subjected to the speed
sweep from 5 to 100 rpm. At each speed, readings were recorded after the torque/viscosity
signal had stabilized (typically 30-60 s) while keeping torque within the recommended
operating range (approximately 10-100%). Measurements were performed 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)

After rheological screening, formulations F6, F10, F14, and F15 were advanced to
IVRT-based kinetic evaluation (n = 3). The experimental window was centered on the
discriminatory 4-6 h interval commonly recommended for topical products; time-point
sampling was therefore performed from 0 to 6 h, with 12 h included as an additional
endpoint [43]. Because a Franz diffusion cell was not available, the experiments were
conducted in a temperature-controlled, stirred receptor environment compatible with a
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membrane-based diffusion approach for semisolid performance testing [44,45]. Because GA
is a complex heteropolysaccharide/glycoprotein mixture, release was monitored through a
monosaccharide-marker strategy rather than by attempting to quantify an intact GA signal.
As galactose is one of the dominant neutral sugar fractions obtained after GA hydrolysis,
the analyte monitored in receptor samples was expressed as galactose equivalents using
D-galactose standards [56].

Receptor samples were collected at 0, 0.5, 1, 2, 3, 4, 5, 6, and 12 h. To liberate monosac-
charides, samples were hydrolyzed with 2 M trifluoroacetic acid (TFA) at 121 °C. Because
polysaccharide hydrolysis conditions influence both sugar recovery and degradation risk,
hydrolysis severity was kept constant across formulations [58]. After hydrolysis, TFA was
removed, and the liberated monosaccharides were derivatized with 1-phenyl-3-methyl-5-
pyrazolone (PMP) under alkaline conditions and quantified by RP-HPLC with UV/DAD
detection (~245 nm). PMP-based pre-column derivatization is a well-established approach
for monosaccharide analysis [57]. Cumulative percentage release was calculated for kinetic
screening, and standard transformations (cumulative release versus /t, log10[% remaining]
versus t, and cube root[% remaining] versus t) were generated for comparative purposes.
PG and IPM have previously been reported to alter transport behavior in membrane-based
diffusion experiments, and acceptable fits to the Higuchi representation may be obtained
in selected systems [59].

4.5.8. Statistical Approach

Given the screening-oriented design and limited replicate structure, microbiologi-
cal, rheological, and IVRT data were interpreted primarily descriptively. The results are
reported as mean + SD where applicable, and formulation ranking was based on com-
parative evaluation of CFU counts, rheological behavior, and IVRT profiles. No formal
inferential claim regarding synergy, antagonism, or susceptibility modification was made
from this dataset.

5. Conclusions

This study provides preliminary in vitro evidence that GA, particularly within the
1-2% range, may promote the growth of selected beneficial bacteria under antibiotic-
containing conditions and may support B. infantis viability under azithromycin exposure.
For S. aureus, CFU differences were observed between antibiotic-only and GA-containing
conditions; however, these screening-level findings are insufficient to determine whether
GA preserves, reduces, or enhances antibiotic efficacy. Therefore, the present results should
not be interpreted as clinical evidence and should not be used to guide patient use of
GA together with these antibiotics. Dedicated MIC/MBC, checkerboard, FICI, time-kill,
and subsequent in vivo/clinical studies are required before any conclusion can be made
regarding antibiotic interaction.

The translational arm converted this biologically relevant concentration window into
GA-HPC-based semisolid systems and screened 16 candidate formulations. Rheological
profiling showed shear-thinning behavior across all candidates and identified F14 and
F15 (7% IPM) as the most balanced options in terms of residence-supporting viscosity
and spreadability. IVRT using galactose-equivalent monitoring differentiated the release
behavior of the selected formulations in the order F6 > F10 > F14 > F15. Taken together, these
data identify a rational set of candidate carriers for subsequent validation by IVPT/Franz
diffusion, co-culture or biofilm models, and, ultimately, in vivo evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https:

/ /www.mdpi.com/article/10.3390/antibiotics15040378 /s1. Figure S1: Certificate of Analysis for
Gum Arabic supplied by Akavital.
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AD Atopic Dermatitis

BHI Brain Heart Infusion

CFU Colony-Forming Unit

DoE Design of Experiments

FDA U.S. Food and Drug Administration
FLG Filaggrin

GA Gum Arabic (Acacia gum)

HDAC Histone Deacetylase

HPC Hydrogenated Phosphatidylcholine
HPLC  High-Performance Liquid Chromatography
PM Isopropyl Myristate

IVRT In Vitro Release Testing

MDR Multidrug-Resistant

MIC Minimum Inhibitory Concentration
MRS De Man-Rogosa-Sharpe
NA Nutrient Agar

NF-kB  Nuclear Factor kappa-light-chain-enhancer of activated B cells
OA Oleic Acid

PG Propylene Glycol

PMP 1-phenyl-3-methyl-5-pyrazolone

SCFA Short-Chain Fatty Acid
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