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Abstract 34 

Atopic dermatitis (AD) hand lesions present a complex clinical challenge characterized by 35 

persistent microbial dysbiosis, severe cutaneous inflammation, unmitigated oxidative stress, and 36 

epidermal barrier breakdown. This study evaluated the therapeutic potential, clinical feasibility, 37 

and safety limits of a novel nano-bio-formulation combining Zinc Oxide Nanoparticles (𝜂ZnO) 38 

and Irradiated Amniotic Membrane Extract (IAME) against multidrug-resistant (MDR) bacteria 39 

isolated directly from active AD hand lesions. Forty-five clinical isolates belonging to five 40 

predominant biofilm-forming species—Staphylococcus aureus, Staphylococcus epidermidis, 41 

Staphylococcus hominis, Staphylococcus warneri, and Kocuria rosea—were isolated and 42 

characterized. The 1:1 𝜂ZnO + IAME co-formulation demonstrated potent, multi-targeted efficacy 43 

by eradicating established bacterial biofilms (up to 92% biomass reduction across ݊ = 33 44 

multidrug-resistant isolates), suppressing heat-induced bovine serum albumin protein denaturation 45 

(IC50 = L/mL), and exhibiting superior DPPH free-radical scavenging capacity (IC50ߤ 81.65 L/mL) comparable to standard Ascorbic Acid (IC50ߤ 15.65 46= =  L/mL). Cell culture 47ߤ 17.14

evaluations on human dermal fibroblasts demonstrated that co-administering IAME attenuated 48 𝜂ZnO-induced cytotoxicity by > 80%, maintaining cell viability near 90%. Crucially, both the 49 

pharmacological IC50 values and the antimicrobial minimum inhibitory concentrations (MIC  L/mL) were substantially lower than the co-formulation's cytotoxicity IC50 threshold. 51ߤ 25--12.5 50=

This highlighting a safe, highly biocompatible, non-steroidal topical candidate capable of breaking 52 

the chronic infection–inflammation–oxidative stress cycle and restoring epidermal homeostasis in 53 

AD hand lesions. 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 
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Introduction 62 

Over the past few decades, the global prevalence of AD has been significantly increased. 63 

According to the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2021, there 64 

were an estimated 129 million (95% uncertainty interval: 124–134 million) individuals with AD 65 

worldwide in 2021 [1], around 20% of children, and 5% of adults [2]. Microbial imbalance 66 

(dysbiosis) in the skin is one of reasons leading to AD pathogenesis in immunologically 67 

compromised patients. This chronic disease is the most common form of eczema, arises from 68 

immune system dysregulation, as characterized by intense itching (pruritus), rash, and relapsing 69 

inflammatory skin [3].  70 

Cutaneous dysbiosis disrupts normal skin microflora, aggravating both inflammation and 71 

barrier breakdown in atopic dermatitis (AD) lesions [4]. In particular, increased colonization by 72 

Staphylococcus aureus plays a key role in disease severity. The presence of inflammation led to 73 

the emergence of additional bacterial strains and altered the relative proportions of bacterial 74 

species that are normally present on healthy skin [5]. So, the understanding of this dysbiosis is 75 

crucial for developing targeted therapies that address the root causes of the disease rather than just 76 

its symptoms. 77 

The global dissemination of multidrug-resistant (MDR) bacterial pathogens represents one 78 

of the most critical threats to modern medicine, severely complicating the management of chronic 79 

inflammatory dermatoses [6,7]. Among these conditions, atopic dermatitis (AD) is uniquely 80 

vulnerable. The hallmark pathophysiological features of AD—including structural breakdown of 81 

the epidermal barrier, reduced endogenous antimicrobial peptide synthesis, and immune 82 

dysregulation—create a permissive microenvironment for microbial colonization [8,9]. 83 

Staphylococcus aureus colonizes up to 90% of patients with active AD lesions, frequently evolving 84 

into refractory multidrug-resistant strains, notably methicillin-resistant S. aureus (MRSA) [5,10]. 85 

The proliferation of MDR pathogens not only precipitates secondary superinfections but also 86 

perpetuates chronic cutaneous inflammation through the continuous secretion of enterotoxins, 87 

proteases, and pore-forming cytotoxins, driving a self-sustaining cycle of disease exacerbation and 88 

tissue damage [11,12]. 89 

Consequently, conventional therapeutic paradigms—historically dependent on topical and 90 

systemic antibiotics alongside anti-inflammatory corticosteroids—are increasingly failing due to 91 

widespread antimicrobial resistance and the risk of microbiome dysbiosis [13,14]. Repeated 92 

exposure to standard antibiotics selects for resistant phenotypes and destabilizes the commensal 93 

skin microflora, while prolonged topical corticosteroid application carries significant risks of 94 

epidermal atrophy, systemic absorption, and rebound flares [15]. This growing therapeutic 95 

bottleneck highlights an urgent biomedical priority: developing novel, non-traditional 96 

antimicrobial strategies—such as cell-free stem cell derivatives, antimicrobial peptides, 97 

endolysins, and target-specific biologics—capable of selectively eradicating MDR pathogens, 98 

neutralizing bacterial virulence factors, and enhancing dermal re-epithelialization without driving 99 

further resistance or damaging the host skin microenvironment [16,17]. 100 
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Zinc oxide nanoparticles (𝜂ZnO) have emerged as powerful inorganic antimicrobial agents 101 

capable of overcoming multi-drug resistance and eradicating recalcitrant bacterial biofilms 102 

[18,19]. The broad-spectrum antibacterial activity of 𝜂ZnO is governed by a multi-modal 103 

mechanism of action, primarily driven by the localized release of zinc ions (Zn2+), direct 104 

electrostatic adhesion and mechanical disruption of bacterial cell walls, and the continuous 105 

generation of surface reactive oxygen species (ROS) such as hydroxyl radicals and hydrogen 106 

peroxide under physiological conditions [20,21]. In the context of Atopic Dermatitis (AD) hand 107 

lesions, where opportunistic Staphylococcus species form dense extracellular polymeric substance 108 

(EPS) matrices that restrict conventional antibiotic penetration, the nanostructured core of 𝜂ZnO 109 

acts as a physical penetrator, destabilizing the structural integrity of the biofilm and disrupting 110 

bacterial membrane potentials [22,23]. However, the clinical translational utility of 𝜂ZnO 111 

monotherapy remains severely constrained by its inherent concentration-dependent cytotoxicity 112 

toward mammalian cells [20]. High local concentrations of bare 𝜂ZnO nanoparticles can trigger 113 

intracellular oxidative stress, mitochondrial damage, and apoptosis in healthy human dermal 114 

fibroblasts, creating a narrow therapeutic safety window that limits its direct application on 115 

compromised skin barrier surfaces [20,21].  116 

Gamma radiation is an effective sterilization method for natural and biomedical materials, 117 

as it inactivates bacteria, viruses, and fungi without heat or chemicals. It has been successfully 118 

applied to natural polymers and bioactive extracts, preserving their physical and biological 119 

properties while ensuring microbial safety. This makes gamma irradiation suitable for preparing 120 

and sterilizing natural products for therapeutic, pharmaceutical, and regenerative medicine 121 

applications [24]. 122 

Natural bioproducts such as the secretome from infection-stimulated amniotic epithelial 123 

cells provide a rich source of antimicrobial proteins and cutaneous growth factors [25]. 124 

Accordingly, the present study aimed to characterize the bacterial profile associated with atopic 125 

dermatitis (AD) hand lesions and evaluate its susceptibility to infection-conditioned amniotic 126 

membrane extract (IAME) alone and in combination with 𝜂ZnO. This dual approach seeks to 127 

develop a novel therapeutic formulation capable of disrupting the chronic "infection–128 

inflammation–oxidative stress" cycle and promoting epidermal barrier restoration in AD hand 129 

lesions. 130 

 131 

Materials and Methods  132 

Patients and study legality 133 

The research protocol for this study was reviewed and approved by the Research Ethics 134 

Committee of the National Center for Radiation Research and Technology (REC-NCRRT; IRB 135 

00011179), Egyptian Atomic Energy Authority (EAEA), under approval number (F/5H/24). All 136 

procedures involving human participants (with informed consent) were conducted in strict 137 

accordance with the ethical standards of the Declaration of Helsinki (2013) [26]. 138 
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Detailed information about the research procedures was explained to patients (with AD 139 

lesion in their hands) in the outpatient clinic of the Faculty of Medicine for Girls, Al Azhar 140 

University, and accordingly some of them signed the informed consent to participate this study. 141 

Patients were excluded if they had received antibiotics or topical medications at the target AD 142 

lesion within one week prior to sample collection. The total comprised participants achieved 30 143 

patients having AD hand lesions last for at least 6 months before sampling; 18 females and 12 144 

males with ages ranging from 25 to 56 years.  145 

 146 

Sample collection 147 

Microbiological samples were collected by swabbing each AD skin lesion (in hands) using 148 

a sterile cotton swab after immersing it into sterile 0.9% Sodium Chloride saline solution. The wet 149 

swab was used to rub against the targeted skin surface, with continuous rotation for at least 15 sec. 150 

The collected swabs were transported (under cooling) immediately to the Bacteria and Viruses lab, 151 

NCRRT, for further microbiological assessments. 152 

 153 

Isolation and identification of MDRs 154 

Under strict aseptic conditions, swab samples were used to inoculate Tryptone Soya Agar 155 

medium (TSA; Oxoid), supplemented with 10 mg/L Amphotericin B (Gibco) to prevent fungal 156 

contamination, followed by incubation at 35 °C for 24 hours. Individual bacterial colonies were 157 

purified by streak-plating on fresh TSA plates. Representative single colonies were transferred to 158 

Tryptone Soya Broth (TSB) to obtain pure liquid cultures. 159 

Antimicrobial resistance profiling was evaluated on Mueller–Hinton Agar (MHA, 90 mm) 160 

using the disk diffusion technique in accordance with CLSI (2007) guidelines [27]. Inoculated 161 

MHA surfaces were air-dried for 10 min prior to applying the following antibiotic disks (Oxoid): 162 

methicillin (ME, 5 µg), vancomycin (VA, 30 µg), amoxicillin/clavulanic acid (AMC, 30 µg), 163 

tobramycin (TOB, 10 µg), gentamicin (CN, 10 µg), sulfamethoxazole–trimethoprim (SXT, 25 µg), 164 

nalidixic acid (NA, 30 µg), imipenem (IPM, 10 µg), and ciprofloxacin (CIP, 5 µg). After 24 hours 165 

incubation at 35 °C, zone diameters were recorded. Multidrug-resistant (MDR) phenotypes were 166 

identified based on resistance to ≥ 5 of the 9 tested agents (≥ 55.56% resistance). Colonies 167 

growing adjacent to disks with no or minimal inhibition zones were isolated with a sterile loop to 168 

maintain purified stocks of each MDR isolate. The percentage of antibiotics resistance was 169 

calculated using the following formula: 170 

 171 

Antibiotic Resistance (%) = (Count of negative inhibition zone discs
Total number of the tested antibiotics=9) × 100 172 

 173 
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All MDR bacterial isolates were subjected for some discriminative morphological and 174 

biochemical tests including; Gram staining, cultivation on selective Mannitol salt agar and Baird-175 

Paker agar media [28], Coagulase [29], Catalase [30], Trehalose fermentation [31], and Modified 176 

Oxidase (Microdase test) [31]. 177 

Accordingly, MDR bacterial isolates that showed similar morphological and biochemical 178 

characteristics were represented by those having greater antibiotic-resistance value (maximum 4 179 

isolates of each group). These selected isolates were subjected for further confirmatory 180 

identification test using Matrix-Assisted Laser Desorption/ionization-Time of Flight (MALDI-181 

TOF) LT3 instrument (SAI, UK). Briefly, a single colony was taken from a fresh solid culture 182 

plate and spotted on a specific stainless-steel plate. Then, 1 ul of 50% α-Cyano-4-hydroxycinnamic 183 

acid (HCCA) matrix (47.5% Acetonitrile (CAN), 2.5% Trifluoroacetic acid (TFA) in water) was 184 

mixed with the colony and left to dry under laminar air flow. Mass spectra were obtained using 185 

linear mode and extracting positive ions with an accelerating voltage of 25 kV. The identification 186 

was performed and matched to the BactoScreen database. Scores above 0.8 are considered a match 187 

for both Genus and species, as per the software used. 188 

 189 

Preparation of HAM antibacterial extract 190 

The human amniotic membrane was obtained and proceeded according to the methodology 191 

published previously [32]. The amniochorionic tissue was dissected from placenta of elective 192 

cesarean section deliveries, following thorough screening for transmissible infectious agents; in 193 

collaboration with Al-Galaa Maternity Hospital, Cairo, Egypt. Human tissue sampling was 194 

performed in strict accordance with the ethical standards of the Declaration of Helsinki and 195 

relevant institutional guidelines and regulations. The experimental protocols for obtaining, 196 

processing, and utilizing human amniotic tissues were formally reviewed and approved by the 197 

Ethics Committee of the National Center for Radiation Research and Technology (REC-NCRRT; 198 

IRB 00011179), Egyptian Atomic Energy Authority (EAEA), under approval number (F/5H/24). 199 

The purified amnion was trypsinized for 1 hour by 50 ml of 0.025% trypsin (Sigma-200 

Aldrich) in Minimal Essential Medium (MEM). Cellular viability was checked by Trypan blue 201 

staining [25]. Samples represented viability less than 80% were discarded from the experiment. 202 

Valid samples were divided by sterile scissors into small pieces (ranged from 3-5 grams/piece) 203 

and incubated over night at 37oC under shaking (with rotation speed = 30 rpm) in trypsin solution 204 

(each 1 gram of amnion was digested by 5 ml Trypsin solution) for completing the digestion 205 

reaction. The induction of HAM cells to secret antimicrobial proteins was done according to the 206 

strategy published by Nemr et al (2017) [25]. Briefly, 104 CFU of the isolated bacterial species 207 

(after inactivation by the minimal dose of gamma irradiation that causes growth inhibition) was 208 

added to the trypsin solution before the incubation time. The inactivation dose of AD-associated 209 

bacterial was determined by exposing aliquots of the fresh prepared bacterial suspension (104 CFU 210 

in saline solution) to series doses of gamma irradiation (1, 1.5, 2, 2.5, and 3 KGy). The minimal 211 

irradiation dose that causes zero growth of bacteria was considered as the inactivation dose. Next 212 
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day, the denuded amnion fragments and bacterial planktons were discarded by centrifugation at 213 

4000 rpm for 15 min. The supernatant was sterilized by gamma irradiation at dose 25 KGy. This 214 

supernatant contains 20% (w/v) soluble digested extract of amnion (because each 1 gm was 215 

digested into 5 ml) which abbreviated as IAME (irradiated amniotic membrane extract), and stored 216 

at 4 oC until using it in the subsequent experiments (up to 6 months). The irradiation process was 217 

performed in NCRRT (EAEA, Cairo) using Gamma cell-220 Excel Cobalt-60 irradiation Canadian 218 

facility. The dose rate at the time of the experiment was ~0.76 KGy/h. 219 

 220 

Microbiological assessments 221 

1. Antibacterial evaluation of preparations  222 

The nanoparticles of ZnO (ηZnO) were purchased from Sigma-Aldrich (catalog number 223 

677450), with diameter less than 50 nm. The antibacterial potentiality of ηZnO was assessed 224 

preliminary by evaluating three concentrations (1mM, 3mM and 5mM), in sodium chloride saline 225 

solution, against the grown bacteria in the swab culture. The least concentration, that revealed 226 

effective bactericidal activity, will be selected to be used for the subsequent experiments. 227 

Filter-paper disc preparations of ηZnO and IAME were evaluated against all the selected 228 

MDR isolates. The discs were prepared by loading 10 ul of ηZnO or IAME onto a 6 mm-sterile 229 

filter-paper disc. Then, the loaded discs were left 10 min for air drying under laminar air flow to 230 

ensure full aseptic conditions. 231 

All multidrug-resistant (MDR) bacterial isolates were sub-cultured in Tryptone Soya Broth 232 

(TSB) and incubated at 35∘C for 18 h. Fresh bacterial suspensions were uniformly inoculated onto 233 

Mueller–Hinton Agar (MHA) plates using sterile cotton swabs to achieve a confluent lawn, 234 

following standard Clinical and Laboratory Standards Institute (CLSI) disk diffusion guidelines 235 

[27]. Plates were allowed to dry for 15 min at ambient temperature to facilitate inoculum 236 

absorption. Subsequently, prepared filter-paper disks impregnated with the respective test 237 

formulations were placed tightly onto the agar surface. Each 90 mm culture plate received six 238 

disks (comprising three replicate disks per treatment condition) to evaluate antimicrobial activity 239 

in triplicate (݊ = 3). Following incubation at 35∘C for 24 h, the diameters of the resulting 240 

inhibition zones were measured in millimeters (mm) using a digital caliper and expressed as the 241 

mean ± standard deviation. 242 

 243 

2. Determination of minimal inhibitory concentration (MICs)  244 

The minimal concentration of ηZnO and IAME preparations that could inhibit the bacterial 245 

growth of the identified MDR strains is defined as MIC. Serial dilutions of each preparation were 246 

done ranged from 10 to 125μl/ml from the mother suspension (3 mM ηZnO or 20% IAME), in a 247 

96-well microtitre plate. The concentration of the combination treatment was adjusted to be 1:1 248 

from both preparations, and its dilutions were also ranged from 10 to 125μl/ ml. All dilutions were 249 

done in TSB medium. Each well contained the assigned dilution in 80 ul TSB medium, 10 ul 250 

bacterial inoculum (2 × 105 CFU/ml), and 10 ul Resazurin reagent (cell growth indicator) [33]. All 251 
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treatments were done in triplicates to evaluate according to the average. The experimental controls 252 

were assigned as; Negative controls represented the non- inoculated wells, and non-treated controls 253 

represented wells of non-treated cultures. The incubation was set at 37 °C for 18–24 h. Then, the 254 

color change was then assessed visually, as changes from purple to pink or colorless were recorded 255 

as positive indications. 256 

 257 

 258 

3. Synergy testing  259 

The fractional inhibitory concentration (FIC) index, of both antimicrobial agents (ηZnO 260 

and IAME) at the MIC value, was assessed to evaluate the synergy between their combinations by 261 

the checkerboard method [34]. The calculation of FIC was according to the following formulas: 262 ܥܫܨ (ηZnO ) = ெூ஼ηZnO +಺ಲಾಶெூ஼ηZnO ⟶ (1)  263 

(ܧܯܣܫ) ܥܫܨ 264  = ூ஺ொܥܫܯηZnO +ூ஺ொܥܫܯ  ⟶  (2) 265 

(ݔ݁݀݊݅) ܥܫܨ 266  =  (1) +  (2) 267 

 268 

Combinations were classified as; synergistic, when the value of the FIC index (FICI) was 269 

≤0.5, additive (>0.5 - ≤1.0), indifferent (>1.0 - ≤2.0), and antagonistic (>2.0). 270 

  271 

4. Bacterial biofilm formation assay  272 

Each identified bacterial species were represented by one isolate that showed the highest 273 

MIC value (the strongest resistant) for biofilm formation test, using optical density (OD) 274 

assessment of stained biofilms with crystal violet [35]. Briefly, each fresh-prepared culture in 275 

Tryptone Soya Broth (TSB), inoculated with 106 CFU/ml, was dispensed in triplicates as 0.2 ml 276 

per well in a flat-bottom microtiter plate (96-well), and incubated at 37°C for 48 hours. Then, the 277 

wasted media were aspirated from each well carefully to avoid damaging of the adhered biofilm 278 

in the bottom of the well. Then, the plate was washed two times with sterile phosphate buffer 279 

gently, and the biofilm was fixed to the bottom surface by incubation at 37°C for 1 h, and then 280 

stained by adding 0.1 ml of 0.1% crystal violet solution. The staining condition was adjusted at 281 

37°C for 5 min [36]. the excessive stain was washed out twice with phosphate solution before the 282 

determination of the optical density of the biofilm at 570 nm wavelength, using Microplate Reader-283 

Infinite M Nano 200 Pro. The obtained values of each bacterial strain were then averaged. Biofilm 284 
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intensity was classified as weak (OD range = 0.139- 0.276), moderate (OD range = 0.277- 0.414) 285 

and strong (OD >0.415). 286 

The ability of bacteria to form a biofilm in the presence of ηZnO and IAME preparations 287 

was assessed similarly but with adding each preparation to the culture medium at the concentration 288 

of MIC (as determined above). The negative control was assigned in the wells contain cultures 289 

without any treatment. 290 

 291 

5. Scanning electron microscopic analysis 292 

Morphological alterations induced on the bacterial cell surface by the treatment with the 293 

co-formulation of 𝜂ZnO and IAME (Conc= MIC) were evaluated using scanning electron 294 

microscopy (SEM) and compared against untreated control cells. Briefly, freshly prepared 295 

bacterial cultures were exposed to the combination treatment and incubated for 18 h at 37 °C. 296 

Following incubation, bacterial cells were harvested by centrifugation at 4,000 rpm (1,500 × ݃) 297 

for 15 min. The supernatant was discarded, and the cell pellet was washed twice with sterile 298 

phosphate-buffered saline (PBS, pH 7.4). The cells were fixed in a 2.5% (v/v) glutaraldehyde 299 

solution for at least 10 h at 4 °C. Subsequently, the fixed cells were collected and dehydrated 300 

through a graded ethanol series (30%, 50%, 70%, 80%, 90%, and 100% v/v in water). Finally, the 301 

bacterial suspension in 100% ethanol was mounted onto glass coverslips, allowed to air-dry, 302 

sputter-coated with a thin gold layer under vacuum, and examined using a ZEISS EVO 15 scanning 303 

electron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) [37]. 304 

 305 

Cytotoxicity assay 306 

The biocompatibility of the prepared anti-bacterial formulations was evaluated referring to 307 

the cytotoxicity testing (according to ISO 10993-5). The cytotoxicity profile of IAME, ηZnO, and 308 

their combination (IAME : ηZnO = 1:1), across a concentration range of 10 to 125 ߤL/mL (around 309 

the obtained MIC values), was evaluated on human fibroblast normal cell line HFB4 (BBRJ code: 310 

nh-skp-fb0040, obtained from VACSERA’s Tissue Culture Unit) [38]. The cellular response was 311 

measured as Cell Viability (%) and complementary Cytotoxicity (%), where: 312 

Cytotoxicity (%) = 100% − Viability (%) 313 

 314 

The measuring of cellular viability was based on the ability of vital cells to form Formazan 315 

crystals during the incubation with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 316 

bromide) through mitochondrial enzymatic activity. Practically, in a 96-well plate, HFB4 cells 317 

were seeded with complete Dulbecco’s Modified Eagle Medium (DMEM). Each well contained 318 

 L total volume of liquid culture. The culture was incubated 24 hours at 37 0C with 5% CO2 319ߤ 100

to let cells for complete adherence to the plate surface. Next day, the consumed medium was 320 

replaced with fresh medium contained the assigned concentration of treatment with IAME, ηZnO, 321 
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or their combination. Additional 24 hours of incubation was set at 37 0C. Next day, the consumed 322 

medium was replaced with fresh medium contained 10 µl of MTT stock solution (5 mg/ ml in 323 

PBS). After incubation at 37oC for 4 hours, the reaction media was discarded and replaced with 324 

100µl DMSO as a Formazan solubilizing solvent. The quantification of the purple color intensity 325 

of the formed Formazan in the viable cells was assessed by optical density measurement at a 326 

primary wavelength of 570 nm, where the background reference wavelength was set at 630 nm to 327 

eliminate optical noise [39]. The calculation of cellular viability percentage was done using the 328 

following equation: 329 

 330 

Cell Viability (%) = (Absorbancetreated sample − Absorbanceblank

Absorbancecontrol − Absorbanceblank
) × 100 331 

 332 

The cytoprotective effect of IAME was referred to the calculation of Cytotoxicity Mitigation 333 

Efficiency (ME), defined as: 334 

 335 

Mitigation Efficiency (%) = (CytotoxicityηZnO − CytotoxicityCombo

CytotoxicityηZnO ) × 100 336 

 337 

 338 

All data were structured and processed using scipy [40] and matplotlib [41]. Statistical metrics 339 

computed included: 340 

• Descriptive Statistics: Mean, standard deviation (SD), and standard error of the mean 341 

(SEM). 342 

• Linear Regression Analysis: To model the concentration-response relationship of ηZnO 343 

and compute the half-maximal inhibitory concentration (50ܥܫ). 344 

• Comparative Hypothesis Testing: 345 

o One-Way Analysis of Variance (ANOVA) across all treatment agents. 346 

o Paired Samples ݐ-Test to compare cytotoxicity levels between ηZnO alone versus 347 

ηZnO + IAME (combo). 348 

• Unified Analysis: the Integration of Cell Viability (represented on left ܻ-axis) and 349 

Cytotoxicity Dose-Response Profiles (represented on right ܻ-axis) was visualized in a 350 

unified chart across all evaluated concentrations (10 to 125 ߤL/mL) on human fibroblast 351 

cells. When cell viability curve declines, cytotoxicity rises at an identical rate, so the 352 

Intersection Point between them at the 50% horizontal line represented 50ܥܫvalue. 353 

Anti-inflammatory assay 354 
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The potential anti-inflammatory of the test agents—Diclofenac sodium solution (as a 355 

standard drug, mother concentration = 1 mg/mL), IAME, 𝜂ZnO, and their 1:1 combination (𝜂ZnO 356 

+ IAME)—was quantified using a modified Bovine Serum Albumin (BSA) heat-induced 357 

denaturation assay [42]. Briefly, 50 ߤL of each treatment at serial concentrations (5–200 ߤL/mL) 358 

was mixed with 450 ߤL of a 1% w/v aqueous BSA solution. The reaction pH was adjusted to 359 6.3 ± 0.1 using 1 N HCl. Reaction mixtures were incubated at room temperature for 20 min, 360 

followed by thermal denaturation at 55∘C for 30 min in a regulated water bath. After cooling to 361 

room temperature, absorbance (OD) was measured spectrophotometrically at 670 nm (Biosystem 362 

310 Plus). Dimethyl sulfoxide (DMSO) served as the vehicle control. The percentage inhibition of 363 

protein denaturation was computed as:  364 

Inhibition (%) = [ODControl − ODSample

ODControl
] × 100 365 

All assays were executed in triplicate (݊ = 3), and values are expressed as Mean ±366 

Standard Deviation (SD) and Standard Error of the Mean (SEM). Concentration-response curves 367 

were modeled using four-parameter non-linear logistic regression to calculate half-maximal 368 

inhibitory concentrations (IC50). Statistical significance across concentrations and treatment 369 

groups was evaluated using One-Way Analysis of Variance (ANOVA) followed by Tukey's post-370 

hoc test (݌ < 0.05). 371 

 372 

Antioxidant activities assay 373 

The free-radical scavenging capacity of 𝜂ZnO, IAME, their 1:1 combination (𝜂ZnO + 374 

IAME), and ascorbic acid (standard reference) was evaluated using the 2,2-diphenyl-1-375 

picrylhydrazyl (DPPH) radical scavenging assay [43]. Reaction mixtures contained serial 376 

concentrations (25 to 200 ߤL/mL) of the respective test interventions mixed with DPPH solution. 377 

The mixtures were incubated in the dark for 30 min at 27 oC. Then, the optical density (OD) was 378 

measured spectrophotometrically at 517 nm against a blank containing zero treatment 379 

concentration. The percentage of DPPH radical scavenging activity was determined as:  380 

DPPH Scavenging Activity (%) = [ODControl − ODSample

ODControl
] × 100 381 

All experimental measurements were conducted in triplicate (݊ = 3), and values are 382 

expressed as Mean ± Standard Deviation (SD). Half-maximal inhibitory concentrations (IC50) 383 

were calculated using non-linear log(inhibitor) vs. response regression analysis. Inter-group 384 

statistical differences across concentrations and treatments were analyzed using One-Way 385 

Analysis of Variance (ANOVA) followed by Tukey's post-hoc test (݌ < 0.05).  386 

 387 

Results  388 
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Microbiological characterization of AD bacteria 389 

 All swabs (100%) that collected from the recruited AD patients showed positive microbial 390 

growth. All culture plates (n=30) represented 45 bacterial isolates. The re-cultivation of these 391 

isolates, separately on Mueller-Hinton Agar medium with antibiotic testing, showed that 33 out of 392 

45 isolates (73.3%) are MDRs having antibiotic resistance ≥55.56% (Table 1). This highlighting 393 

high levels of multidrug resistance in the sample population.  394 

Phenotypic and biochemical characterization differentiated a total of 33 MDR isolates and 395 

classified them into groups of similar characteristic isolates. All isolates were Gram-positive, 396 

catalase-positive cocci, confirming their identity as aerobic/facultative anaerobic skin-associated 397 

microflora while ruling out catalase-negative Streptococci (Figure 1). 398 

The modified oxidase (Microdase) test successfully differentiated micrococcal/kocurial 399 

flora from Staphylococcus species. Along with MALDI-TOF findings, a single isolate was 400 

identified as Kocuria rosea, exhibiting a positive Microdase reaction, characteristic bright pink-401 

to-red colony pigmentation, and lack of mannitol fermentation on Mannitol Salt Agar (MSA). 402 

Also, coagulase testing identified Staphylococcus aureus, as a primary pathogen associated with 403 

AD lesions, from other Staphylococcus isolates. S. aureus isolates demonstrated positive coagulase 404 

activity, strong mannitol fermentation (yellow halos on MSA), and lipolytic activity on Baird-405 

Parker agar (black colonies with clear halos due to egg yolk lecithinase cleavage). On the other 406 

hand, coagulase-negative staphylococci (CoNS) accounted for the remaining isolates were 407 

differentiated by trehalose fermentation and selective growth assays resolved these into three 408 

distinct CoNS species; S. epidermidis, S. warneri, and S. hominis (as confirmed by MALDI-TOF).  409 

S. epidermidis was identified as the primary CoNS colonizer, trehalose-negative and 410 

yielded small, pink-red colonies on MSA without mannitol utilization. While S. warneri and S. 411 

hominis were positive trehalose fermentation. Both of them were differentiated through the 412 

capability to ferment mannitol as a carbon source, where S. warneri isolates demonstrated rapid 413 

fermentation of mannitol yielding distinctive yellow color colonies, but S. hominis was weakly 414 

utilizing mannitol with typical small, non-pigmented colonies.  415 

According to higher drug resistance (against antibiotics, ηZnO and IAME); 4 isolates of 416 

identified S. aureus (codes: 8, 11, 38, and 40), 4 isolates of S. epidermidis (codes: 2, 5, 22, and 417 

34), 2 isolates of S. warneri (codes: 15, 43), 2 isolates of S.hominis (codes: 26, 41), and the only 418 

isolate of Kocuria rosea (code: 30) were selected as strong MDRs for the subsequent analysis. 419 

On the other hand, the irradiation doses that caused growth inhibition for AD-associated 420 

bacteria were 2.5 and 3 KGy. Thus, the dose of 2.5 KGy was selected as the minimal inactivation 421 

dose. The addition of inactivated bacteria to the amniotic culture induced the amniotic cells to 422 

secret anti-microbial defense proteins in the culture medium. This caused the antibacterial activity 423 

of IAME.  424 

Notably, the antibacterial activity of ηZnO was dose-dependent; the 1 mM concentration 425 

resulted weaker inhibition zones (faint) in the most culture plates than higher concentrations, but 426 
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no significant difference was recorded between 3 and 5 mM concentrations. Thus, the selected 427 

bactericidal formulation with minimal ηZnO concentration was 3 mM for the subsequent 428 

experiments. 429 

 430 

Drug resistance profile 431 

Generally, all isolated MDRs showed variable susceptibility to the anti-bacteria 432 

preparations of ηZnO and IAME. The mean inhibition zone diameter resulted by ηZnO ≈ 12.6 433 

mm (Range: 8 mm – 17 mm), whereas the mean inhibition zone diameter resulted by IAME ≈434 16.8 mm (Range: 10 mm – 25 mm). Furthermore, IAME outperformed ηZnO in 32 of 33 isolates 435 

(96.97%), exhibiting larger inhibition zone diameters by an average of 3 to 8 mm. 436 

In particular, isolates belonging to the same species exhibit near-identical susceptibility 437 

profiles, especially towards ηZnO and IAME. Staphylococcus warneri (isolates 15 & 43) 438 

demonstrated identical inhibition zone diameters for both 𝜂ZnO (10 mm) and IAME (12 mm), 439 

despite coming from different isolate codes and having slightly different antibiotic resistance 440 

percentages (66.6% vs. 55.5%). Also, S. hominis (Isolates 26 & 41) shared identical antibiotic 441 

resistance rates (55.5%) and 𝜂ZnO inhibition zones (8 mm), with minimal variation in IAME 442 

sensitivity (10 mm vs. 12 mm). whereas, Staphylococcus epidermidis demonstrated the highest 443 

average antibiotic resistance level among the identified species, as 3 out of 4 isolates (75%) 444 

possessed the maximum observed antibiotic resistance rate of 77.7%, and were vulnerable to both 445 𝜂ZnO (8–10 mm) and IAME (10–12 mm). The results showed that ηZnO and IAME can 446 

effectively inhibit these major MDRs.  447 

Quantitative evaluation of the MIC values revealed variable individual antimicrobial 448 

potencies between ηZnO and IAME across all 13 identified MDRs (Table 2). Individually, IAME 449 

exhibited superior intrinsic antibacterial activity compared to ηZnO, yielding a lower mean MIC 450 

of 63.46 ± versus 88.46 (l/mlߤ range: 37.5 to 100) l/mlߤ 23.70 ±  l/ml for ηZnO (range: 451ߤ 26.65

50 to 125 ߤl/ml). Notably, co-administration of ηZnO and IAME in a 1:1 combination resulted in 452 

a dramatic reduction in required inhibitory doses, bringing the mean combined MIC down to 453 16.15 ±  454 .(l/mlߤ range: 12.5 to 25.0) l/mlߤ 4.58

According to the classification framework established by Yadav et al. (2013), FICI values 455 ≤ 0.5 denote synergistic interaction. All 13 tested isolates demonstrated unanimous synergism, 456 

with FICI values ranging from 0.25 to 0.5 (mean FICI = 0.424 ± 0.076). The most profound 457 

synergistic effect was recorded in S. hominis, isolate 41 (FICI = 0.25), which achieved an 83.3% 458 

reduction in 𝜂ZnO MIC (FIC = 0.1) and an 85% reduction in IAME MIC (FIC = 0.15). Even 459 

highly resistant pathogens, such as S. aureus isolate 40 (displaying 77.7% baseline antibiotic 460 

resistance), exhibited marked synergistic susceptibility (FICI = 0.325), reducing single-agent 461 

MICs from 125 ߤl/ml (𝜂ZnO) and 100 ߤl/ml (IAME) to 17.5 ߤl/ml in combination. 462 

Comparative analysis across bacterial taxa highlighted both species-specific sensitivity 463 

baselines and universal susceptibility to dual-agent treatment (Figure 2). Among the identified 464 
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species, K. rosea (isolate 30) demonstrated the highest baseline sensitivity to individual treatments 465 

(MIC =  l/ml for both 𝜂ZnO and IAME). Among the Staphylococcal species, S. hominis 466ߤ 50

exhibited the lowest mean FICI (0.328 ± 0.110), followed by S. aureus (0.433 ± 0.075), S. 467 

epidermidis (0.444 ± 0.043), and S. warneri (0.451 ± 0.064).  468 

 469 

 470 

 471 

Anti-biofilm treatment 472 

Quantitative assessment of biofilm biomass using crystal violet assay (OD570 nm) 473 

demonstrated that single and combined treatments of 𝜂ZnO and IAME significantly reduced 474 

biofilm formation across all five representative bacterial isolates displaying high baseline MICs 475 

(Figure 2). Untreated control cultures exhibited strong biofilm-forming capabilities, with optical 476 

densities ranging from 0.957 (K. rosea, isolate 30) to 1.530 (S. aureus, isolate 11). Monotherapy 477 

with 𝜂ZnO reduced biofilm formation by 51.7% to 74.2% (mean reduction: 66.06 ± 8.78%), 478 

whereas single-agent treatment with IAME achieved biofilm reductions between 65.7% and 479 77.0% (mean reduction: 71.34 ± 4.54%). Crucially, dual-agent administration (1:1 combination) 480 

elicited enhanced anti-biofilm activity across all tested strains, bringing mean optical density down 481 

to 0.160 ± 0.065 and achieving an overall mean density reduction of 86.34 ± 4.63%. The highest 482 

degree of biofilm clearance was recorded in K. rosea 30 (92.0% reduction, OD = 0.094), 483 

followed by S. hominis 26 (89.0% reduction, OD = 0.107), S. warneri 43 (86.8% reduction, 484 

OD = 0.140), S. aureus 11 (84.3% reduction, OD = 0.240), and S. epidermidis 22 (79.6% 485 

reduction, OD = 0.217). 486 

 487 

Microscopic evaluation of treatment 488 

Morphological deformations were noted under SEM magnification due to the treatment with the 489 

dual-agent of  𝜂ZnO and IAME (1:1 combination), at the calculated concentration of the MIC 490 

value for each bacterial species. Compared to the normal control morphology, most treated cells 491 

showed partial lysis with initiated superficial damages (Figure 3). It is worth noting that this effect 492 

was happened within just 18 hours post-incubation with the treatment. 493 

 494 

Biocompatibility of antimicrobial agents  495 

As shown in Tables (3 and 4), IAME demonstrated biocompatibility across the entire tested 496 

spectrum (10 to 125 ߤL/mL). Dermal fibroblast viability remained essentially unaffected, ranging 497 

between 99.86% and 100% with an overall mean viability of 99.95 ± 0.05%. Max cytotoxicity 498 

recorded for IAME was 0.141%, confirming that IAME possesses no intrinsic toxicity toward 499 

human fibroblast cultures. 500 
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On the other hand, ηZnO induced marked dose-dependent cell mortality. At 10 ߤL/mL, 501 

cytotoxicity was 25 %, escalating rapidly to 50 % at 25 ߤL/mL and reaching a peak cytotoxicity 502 

of 60.05% (39.95% viability) at 125 ߤL/mL. Linear regression fitting of ηZnO cytotoxicity 503 

across concentration (ܥ) yielded: 504 

 505 

CytotoxicityηZnO(%) = 0.2398 ⋅ ܥ + 34.8337 (ܴ2 = 0.6632, ݌  = 0.0485) 506 

 507 

Then, the estimated half-maximal inhibitory concentration (50ܥܫ) for ηZnO alone was 508 

calculated at 63.25 ߤL/mL. Co-treatment with IAME effectively shielded fibroblast cells against 509 

ηZnO-mediated toxicity (݌ < 0.001). Across all tested concentrations, cell viability in the 510 

combination group remained high and remarkably stable (88.95% − 91 %, mean 89.79 ±511 0.70%). This indicated that the cytotoxicity was restricted to a narrow range (9 % − 11.05%, 512 

mean 10.21 ± 0.70%). The reduction in cytotoxicity achieved by IAME co-administration was 513 64 % at 10 ߤL/mL and surpassed 82 % at higher nanoparticle concentrations (≥  L/mL). 514ߤ 75

In harmony, the graphical analysis confirmed the obtained results from statistical analysis. 515 

The dual-panel graph (Figure 4) summarizes the cell viability trends (represented by solid lines 516 

with filled markers on the primary left ܻ-axis) and comparative cytotoxicity levels (represented by 517 

dashed lines with open markers on the secondary right ܻ-axis) across all tested concentrations. 518 

Significance markers indicate ݌ < 0.001 relative to ηZnO alone. The treatment by IAME (Green 519 

Trajectories) showed that the viability curve remains flat along the 100% upper boundary, while 520 

the cytotoxicity curve rests along 0%, while ηZnO (Red Trajectories) showed a classic inverse 521 

crossover. As concentration increases from 10 to 125 ߤL/mL, cell viability sharply drops from 522 75% to 39.95%, while cytotoxicity rises proportionally from 25% to 60.05%. Then, the 50ܥܫ is 523 

represented at the intersection point of the viability and cytotoxicity curves where cross precisely 524 

at the 50% horizontal line. Linear regression estimates the 50ܥܫ threshold at 63.25 ߤL/mL. But, 525 

the co-administration of IAME (Blue Trajectories) prevents the progressive toxicity seen with 526 

ηZnO alone. Viability remains elevated at ∼ 90% (89.79 ± 0.70%), while cytotoxicity is 527 

constrained to ∼ 10% (10.21 ± 0.70%). Then, the Cytoprotective Gap is represented by the 528 

large vertical distance between the red dashed line (ηZnO cytotoxicity) and the blue dashed line 529 

ηZnO+IAME cytotoxicity) which highlights the 82.4% reduction in nanoparticle toxicity 530 

achieved by IAME (݌ = 0.00053). 531 

 532 

Potential anti-inflammatory and antioxidant therapy 533 

 The anti-inflammatory activity of Diclofenac sodium, IAME, 𝜂ZnO, and their 1:1 534 

combination (𝜂ZnO + IAME) was evaluated using the heat-induced Bovine Serum Albumin (BSA) 535 

denaturation assay. All tested interventions exhibited concentration-dependent inhibition of 536 

protein denaturation across the evaluated range of 5 to 200 ߤL/mL (݌ < 0.001). The standard 537 

drug, Diclofenac sodium, demonstrated the highest potency, with an IC50 of 6.01 ߤL/mL and a 538 
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maximum inhibition of 93.80 ± 0.43% at 200 ߤL/mL. Among the novel test agents, single-agent 539 

IAME yielded moderate protection (IC50 = L/mL), achieving 71.80ߤ 94.72 ± 0.68% 540 

denaturation inhibition at 200 ߤL/mL. In contrast, 𝜂ZnO monotherapy exhibited lower activity, 541 

requiring an IC50 of 175.40 ߤL/mL and capping at 53.00 ± 0.26% inhibition at the highest tested 542 

concentration. Notably, the 1:1 co-formulation (𝜂ZnO + IAME) significantly enhanced protection 543 

relative to both single agents, shifting the concentration-response curve leftward to achieve an IC50 544 

of 81.65 ߤL/mL and reaching 68.00 ± 0.17% maximal inhibition. Across lower-to-intermediate 545 

concentrations (5–100 ߤL/mL), the dual combination produced statistically significant additive 546 

protection over individual monotherapies (݌ < 0.05) (Table 5, Figure 5). 547 

 The free-radical scavenging capacity of 𝜂ZnO, IAME, their 1:1 combination (𝜂ZnO + 548 

IAME), and standard Ascorbic Acid was assessed using the 2,2-diphenyl-1-picrylhydrazyl 549 

(DPPH) assay across serial concentrations (25 to 200 ߤL/mL). All tested interventions 550 

demonstrated a statistically significant, dose-dependent increase in DPPH radical neutralization 551 

݌) < 0.001). Ascorbic Acid exhibited predictable high-potency radical clearance, yielding an IC50 552 

of 17.14 ߤL/mL and achieving 90.00 ± 3.00% scavenging at 200 ߤL/mL. Among the single-553 

agent formulations, IAME monotherapy demonstrated substantial antioxidant activity (IC50 L/mL), reaching 78.00ߤ 43.61 554= ± 1.60% clearance at the maximum tested concentration. 555 

Conversely, 𝜂ZnO monotherapy exhibited low intrinsic scavenging capacity (IC50 L/mL), peaking at only 35.00ߤ 302.15 556= ± 1.00% at 200 ߤL/mL. Remarkably, the 1:1 co-557 

formulation (𝜂ZnO + IAME) produced a potent leftward shift in the concentration-response curve, 558 

reducing the IC50 to 15.65 ߤL/mL and reaching a maximal scavenging capacity of 87.00 ±559 2.00%. At lower concentrations (25–100 ߤL/mL), the dual combination displayed statistically 560 

significant superior activity over both individual monotherapies (݌ < 0.05), effectively matching 561 

the free-radical neutralization profile of standard Ascorbic Acid (Table 6, Figure 6). 562 

 563 

Discussion 564 

Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin disease characterized by 565 

severe epidermal barrier dysfunction, unmitigated cutaneous oxidative stress, dysregulated 566 

immune cascades, and high vulnerability to secondary microbial colonization. The pathogenesis 567 

of AD creates a self-perpetuating "itch-scratch" cycle where inflammation disrupts skin barrier 568 

lipids, increasing susceptibility to pathogenic biofilms, which further trigger inflammatory host 569 

responses. Consequently, effective therapeutic interventions must provide multi-targeted action 570 

combining broad-spectrum antimicrobial and anti-biofilm activity, potent antioxidant radical 571 

scavenging, and structural anti-inflammatory protection [44,5].  572 

The isolation and definitive species identification of S. aureus, S. epidermidis, S. hominis, 573 

S. warneri, and K. rosea directly from active AD hand lesions reinforce the critical role of 574 

cutaneous dysbiosis in maintaining local skin inflammation. Lesional skin on the hands is 575 

particularly vulnerable to mechanical abrasion, moisture loss, and environmental exposure, which 576 

compromise the stratum corneum and allow opportunistic staphylococci to transition from benign 577 
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commensals to persistent biofilm-forming pathogens. The presence of these multidrug-resistant 578 

(MDR), biofilm-producing strains on hand lesions directly correlates with severe local pruritus, 579 

epidermal scaling, and recalcitrant disease flare-ups [45,46].  580 

The core hypothesis of the present study was to achieve the therapeutic integration of 581 

antibacterial induced IAME—a bioactive matrix enriched with regenerative growth factors, 582 

extracellular components, and antimicrobial peptides—with zinc oxide nanoparticles (𝜂ZnO). This 583 

co-formulation aims to establish multi-modal efficacy across all key pathological hallmarks of AD 584 

[44,47]. Opportunistic biofilm formation on lesional skin exacerbates AD severity by secreting 585 

enterotoxins and proteases that degrade the stratum corneum and perpetuate local inflammation 586 

[5]. Our findings demonstrate that combining 𝜂ZnO with IAME achieves significant biofilm 587 

clearance, reducing biomass density across resistant clinical skin isolates including S. epidermidis, 588 

S. aureus, and S. hominis. The nanostructured 𝜂ZnO disrupts bacterial cell membranes and matrix 589 

polymers, allowing the bioactive peptides within IAME to penetrate established biofilms [18,19]. 590 

By suppressing biofilm-associated persistence, the 𝜂ZnO + IAME formulation directly addresses 591 

the primary microbial trigger of AD flare-ups, effectively breaking the cycle of infection-driven 592 

skin barrier degradation [5,19].  593 

The intrinsic antibacterial activity of IAME is attributed to the secretion of antimicrobial 594 

peptides (AMPs) when amniotic cells undergo infection stimulation as an innate immune defense 595 

mechanism. Key among these defense proteins are cationic ߚ-defensins, which exhibit broad-596 

spectrum activity against bacteria, fungi, and enveloped viruses. These peptides electrostatically 597 

bind to negatively charged phospholipids, lipopolysaccharides (LPS), or teichoic acids on 598 

microbial cell membranes. Upon insertion into the lipid bilayer, they disrupt membrane integrity 599 

via pore formation or "carpet-like" lysis, leading to cytoplasmic leakage and cell death. Beyond 600 

direct membrane lysis, ߚ-defensins bind and neutralize bacterial endotoxins to prevent excessive 601 

inflammatory cascades while stimulating epithelial cell proliferation and migration during tissue 602 

repair [48]. Previous research has established that human ߚ-defensin 2 secretion is stimulated in 603 

amniotic cells during infection as a primary non-specific defense barrier [25,48]. Therefore, the 604 

present study utilized radiation-inactivated bacterial cells to simulate an artificial infection 605 

stimulus in amniotic tissue. Conversely, 𝜂ZnO exercises antibacterial activity through 606 

complementary mechanisms: mechanical cell wall disruption, generation of surface reactive 607 

oxygen species (ROS), and sustained release of Zn2+ ions [20,21].  608 

Notably, the degree of baseline resistance to conventional antibiotics (ranging from 55.5% 609 

to 77.7%) did not correlate with resistance or tolerance to 𝜂ZnO or IAME, confirming that these 610 

experimental agents act via distinct, non-overlapping biochemical pathways [20,23]. The universal 611 

synergy (FICI ≤ 0.5) observed across 100% of the tested cohort indicates a multi-target mode of 612 

action. Nanoparticle-induced disruption of outer bacterial membrane integrity by 𝜂ZnO likely 613 

facilitates enhanced cellular accumulation of IAME's bioactive defensins [18,47]. Statistically, this 614 

1:1 co-formulation offers a 3- to 5.7-fold dose-sparing effect relative to single-agent 615 

administration. This substantial reduction in required concentration is clinically advantageous, as 616 

it significantly mitigates potential concentration-dependent nanoparticle cytotoxicity while 617 
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maximizing antimicrobial potency against recalcitrant multidrug-resistant pathogens [20,23]. By 618 

pairing the two compounds, effective bacterial inhibition is achieved at markedly lower individual 619 

dosages (e.g., reducing 𝜂ZnO requirements from 125 ߤL/mL to 12.5–25 ߤL/mL), thereby 620 

preventing toxic accumulation of nanomaterials in cutaneous applications [20].  621 

Comparative analysis across bacterial taxa highlighted both species-specific sensitivity 622 

baselines and universal susceptibility to dual-agent treatment. Among the identified species, K. 623 

rosea (isolate 30) demonstrated the highest baseline sensitivity to individual treatments (MIC  L/mL for both 𝜂ZnO and IAME). Among the staphylococcal species, S. hominis exhibited the 625ߤ 50 624=

lowest mean FICI (0.328 ± 0.110), followed by S. aureus (0.433 ± 0.075), S. epidermidis 626 

(0.444 ± 0.043), and S. warneri (0.451 ± 0.064).  627 

All isolates exhibited robust biofilm-forming capacity, with baseline optical densities 628 

ranging from OD570 nm = 0.957 to 1.53. Biofilm-encased bacteria display heightened resistance 629 

to conventional therapeutics due to the physical diffusion barrier posed by extracellular polymeric 630 

substances (EPS) [5]. Consequently, the ability of the 𝜂ZnO + IAME co-treatment to attenuate 631 

biofilm formation—even among strains displaying elevated baseline MIC values—represents a 632 

significant therapeutic advancement. Mechanistically, this enhanced clearance stems from a 633 

complementary mode of action: 𝜂ZnO destabilizes EPS matrix components through localized ROS 634 

generation and physical disruption, facilitating the penetration and cellular accumulation of 635 

bioactive compounds in IAME [18,19]. Notably, the combination therapy achieved up to a 92.0% 636 

reduction in biofilm mass, providing substantial anti-biofilm activity while minimizing individual 637 

active concentrations. These findings confirm that combining 𝜂ZnO with IAME provides a viable 638 

strategy to suppress biofilm-associated microbial tolerance across multidrug-resistant 639 

staphylococcal and related Gram-positive isolates.  640 

A paramount requirement for any topical formulation intended for compromised AD skin 641 

is a favorable therapeutic index combining high bio-functional activity with minimal dermal 642 

cytotoxicity [47]. While inorganic nanoparticles like 𝜂ZnO offer potent anti-biofilm capabilities, 643 

their clinical translational utility is frequently limited by concentration-dependent cytotoxicity 644 

toward mammalian skin cells, primarily mediated through intracellular ROS generation, 645 

membrane disruption, and mitochondrial dysfunction [20,21].  646 

The cytotoxicity assay results of this study demonstrate that IAME serves as an effective 647 

biological buffering agent against 𝜂ZnO-induced cell injury. The native matrix of IAME—648 

enriched with regenerative cytokines, extracellular matrix components, and biological 649 

antioxidants—exhibits intrinsic biocompatibility and provides active cytoprotection to dermal 650 

fibroblasts [48]. When combined in the 𝜂ZnO + IAME (1:1) formulation, IAME suppresses 651 

nanoparticle cytotoxicity by > 80%, shifting the overall safety profile and maintaining high 652 

cellular viability (≈ 90%). This cytoprotection likely stems from the bio-functionalization or 653 

protein-capping of the 𝜂ZnO nanoparticle surface by IAME biomolecules, which quenches surface 654 

radical generation, prevents direct physical cell-membrane damage, and buffers intracellular 655 

oxidative stress [20,21].  656 
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Cutaneous inflammation and protein denaturation further aggravate barrier disruption in 657 

AD lesions, leading to cellular degradation and auto-antigen presentation [44]. The 𝜂ZnO + IAME 658 

co-formulation demonstrated significant structural protein protection, lowering the median 659 

inhibitory concentration for heat-induced BSA denaturation to IC50 =  L/mL and 660ߤ 81.65

outperforming individual monotherapies (݌ < 0.05). This anti-inflammatory activity is 661 

complemented by exceptional free-radical scavenging capacity (IC50 =  L/mL), which 662ߤ 15.65

matched standard Ascorbic Acid (IC50 =  L/mL). Oxidative stress is a major driver of AD 663ߤ 17.14

progression; reactive oxygen species damage epidermal lipids and amplify pro-inflammatory 664 

cytokine cascades [44]. The synergistic antioxidant effect observed here relies on the 𝜂ZnO core 665 

serving as an efficient electron-transfer scaffold, accelerating the radical-quenching capacity of 666 

bioactive molecules present in IAME [18,47].  667 

Numerous preclinical and clinical studies have demonstrated that soluble bioactive extracts 668 

derived from the amniotic membrane accelerate re-epithelialization, suppress inflammation, and 669 

promote tissue regeneration in various cutaneous lesions [49]. These regenerative properties are 670 

primarily driven by a rich composition of growth factors, anti-inflammatory cytokines, structural 671 

proteins, and antioxidant modulators. Key growth factors identified in amniotic derivatives include 672 

hepatocyte growth factor (HGF), transforming growth factor-beta (TGF-ߚ), epidermal growth 673 

factor (EGF), fibroblast growth factors (FGFs), and keratinocyte growth factor (KGF). 674 

Furthermore, the anti-inflammatory and matrix-remodeling milieu features cytokines such as 675 

interleukin-6 (IL-6) and IL-8, along with essential extracellular matrix components including 676 

hyaluronic acid, collagen and fibronectin [50]. Additionally, the antioxidant capacity of these 677 

extracts is mediated by the regulation of cellular redox pathways, notably through the activation 678 

of the Nrf2/HO-1 defense axis [51]. 679 

From a clinical translational perspective, these integrated results confirm the feasibility of 680 

the 𝜂ZnO + IAME co-formulation as a multi-target topical therapy for Atopic Dermatitis. Rather 681 

than relying on conventional single-target therapeutics or synthetic corticosteroids—which carry 682 

long-term risks such as epidermal atrophy—the combined formulation provides a non-steroidal, 683 

multi-functional approach. By simultaneously eradicating microbial biofilms, mitigating 684 

cytotoxicity, neutralizing cutaneous ROS, and suppressing protein denaturation-mediated tissue 685 

inflammation. Therefore, the 𝜂ZnO + IAME platform can restore the microenvironmental 686 

homeostasis required for epidermal repair and skin barrier regeneration to improve AD skin lesions 687 

[44,47]. 688 

 689 

Conclusion 690 

This study demonstrates the clinical feasibility, therapeutic efficacy, and biological safety 691 

of a novel 1:1 nano-bio-formulation combining induced bioactive IAME and 𝜂ZnO  for potential 692 

managing Atopic Dermatitis (AD) hand lesions. By integrating the regenerative, cytoprotective 693 

matrix of IAME with the catalytic properties of 𝜂ZnO, the co-formulation achieves multi-targeted 694 

efficacy across the key pathological drivers of AD: 695 
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• Pathogen Eradication: Successfully degraded established biofilms formed by clinical AD 696 

hand MDR isolates (S. aureus, S. epidermidis, S. hominis, S. warneri, and Kocuria rosea), 697 

achieving up to 92.0% biomass reduction. 698 

• Anti-Inflammatory Protection: Suppressed heat-induced protein denaturation (IC50  L/mL), significantly outperforming individual monotherapies in preserving 700ߤ 81.65 699=

structural protein integrity. 701 

• Potent Antioxidant Activity: Exhibited exceptional free-radical scavenging capacity 702 

(IC50 =  L/mL), outperforming constituent single agents and matching standard 703ߤ 15.65

Ascorbic Acid (IC50 =  L/mL). 704ߤ 17.14

• Biocompatibility & Cytoprotection: Co-administration with IAME attenuated 𝜂ZnO-705 

induced cytotoxicity on human dermal fibroblasts by > 80%, maintaining cell viability 706 

near 90%. Crucially, the cytotoxicity IC50 threshold of the combined formulation is 707 

substantially higher (>125 ߤL/mL) than its highest antimicrobial MIC value (25 ߤL/mL), 708 

anti-inflammatory IC50 (81.65 ߤL/mL), and antioxidant IC50 (15.65 ߤL/mL). 709 

 710 

This wide therapeutic window confirms that the dual-therapy with 𝜂ZnO + IAME operates 711 

effectively at potent pharmacological doses well below toxic thresholds. By establishing a safe 712 

concentration profile without the risk of cytotoxic overdose, this dual nano-bio-formulation offers 713 

a safe, non-steroidal topical candidate capable of breaking the chronic "infection–inflammation–714 

oxidative stress" cycle and supporting skin barrier restoration in AD hand lesions. 715 

 716 
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 901 

 902 

Tables and Figures 903 

 904 

Table 1: Resistance profile of the collected Atopic dermatitis-associated bacterial isolates to the 905 

tested antibiotics (n=9), Zinc oxide nanoparticles (ηZnO), and the irradiated amniotic membrane 906 

extract (IAME). 907 

Isolate 

code 

Antibiotic 

resistance 

(%) 

ηZnO 
Inhibition 

Zone 

(mm)  

IAME 

Inhibition 

Zone 

(mm) 

Isolate 

code 

Antibiotic 

resistance 

(%) 

ηZnO 
Inhibition 

Zone 

(mm)  

IAME 

Inhibition 

Zone 

(mm) 

1 77.7 15 17 24 33.3 Non-MDR 

2 77.7 10 12 25 66.6 14 22 

3 33.3 Non-MDR 26 55.5 8 10 

4 77.7 13 18 27 55.5 13 18 

5 77.7 8 10 28 55.5 13 16 

6 55.5 14 20 29 55.5 15 18 

7 44.4 Non-MDR 30 55.5 10 12 

8 66.6 10 12 31 77.7 17 25 

9 33.3 Non-MDR 32 77.7 15 22 

10 33.3 Non-MDR 33 77.7 17 24 

11 66.6 8 10 34 77.7 8 12 

12 44.4 Non-MDR 35 66.6 14 20 

13 44.4 Non-MDR 36 66.6 15 21 

14 55.5 16 18 37 66.6 14 22 

15 66.6 10 12 38 66.6 10 12 

16 44.4 Non-MDR 39 66.6 15 21 

17 44.4 Non-MDR 40 77.7 11 13 

18 44.4 Non-MDR 41 55.5 8 12 

19 33.3 Non-MDR 42 55.5 16 18 

20 77.7 15 20 43 55.5 10 12 

21 55.5 15 22 44 55.5 15 14 

22 55.5 8 12 45 55.5 15 20 

23 44.4 Non-MDR     

 908 

 909 

 910 

 911 
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Table 2: Quantitative Minimum Inhibitory Concentration (MIC) and Fractional Inhibitory 912 

Concentration Index (FICI) Data Summary for the identified bacterial isolates. 913 

 

Identified 

isolates  

Antibiotic 

resistance 

(%) 

MICs 

ηZnO 

(µl/ml) 

IAME 

(µl/ml) 

ηZnO & 

IAME 

(µl/ml) 

Fold-
Reduction in 

MIC* 

FICI Value 

S. epidermidis 

(Isolate 2) 

77.7 75 50 12.5 4.0x  0.420** 

S. epidermidis 

(Isolate 5) 

77.7 100 75 17.5 4.3x 0.405** 

S. epidermidis 

(Isolate 22)*** 

55.5 125 100 25 4.0x 0.450** 

S. epidermidis 

(Isolate 34) 

77.7 50 50 12.5 4.0x 0.50** 

S. aureus (Isolate 

8) 

66.6 75 37.5 12.5 3.0x 0.496** 

S. aureus (Isolate 

11)*** 

66.6 125 100 25 4.0x 0.450** 

S. aureus (Isolate 

38) 

66.6 75 75 17.5 4.3x 0.460** 

S. aureus (Isolate 

40) 

77.7 125 100 17.5 5.7x 0.325** 

S. warneri 

(Isolate 15) 

66.6 75 37.5 12.5 3.0x 0.496** 

S. warneri 

(Isolate 43)*** 

55.5 100 75 17.5 4.3x 0.405** 

S. hominis 

(Isolate 26)*** 

55.5 100 75 17.5 4.3x 0.405** 

S. hominis 

(Isolate 41) 

55.5 75 50 12.5 4.0x 0.250** 

Kocuria rosea 

(Isolate 30)*** 

55.5 50 50 12.5 4.0x 0.50** 

* The fold reduction in MIC was calculated versus the strongest individual agent 914 

**Indicates Synergism 915 

***Indicates the intraspecies selected isolate that have the highest MIC values to represent its species taxon 916 
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 917 

Table 3: In Vitro Cell Viability and Cytotoxicity Profile Across Treatments 918 

Concentration 

(μL/mL) 

IAME 

Viability 

(%) 

ηZnO 
Viability 

(%) 

ηZnO + 
IAME 

Viability 

(%) 

ηZnO 
Cytotoxicity 

(%) 

ηZnO + 
IAME 

Cytotoxicity 

(%) 

Mitigation 

Efficiency 

(%) 

10.0 100.00 75.00 91.00 25.00 9.00 64.00% 

25.0 100.00 50.00 90.00 50.00 10.00 80.00% 

50.0 99.95 48.95 88.95 51.05 11.05 78.36% 

75.0 99.86 43.86 89.86 56.14 10.14 81.94% 

100.0 99.91 40.91 89.51 59.09 10.49 82.24% 

125.0 99.95 39.95 89.40 60.05 10.60 82.35% 

 919 

 920 

Table 4: Descriptive & Inferential Statistics Across Experimental Groups. Paired ݐ-test 921 

analysis against ηZnO (as a reference toxic agent) confirms a statistically significant reduction in 922 

its cytotoxicity when IAME is co-administered with it (ݐ = 7.87, ݌ = 0.00053). 923 

Agent 

Mean 

Viability (%) 

± SD 

Mean 

Cytotoxicity 

(%) ± SD 

Min / Max 

Cytotoxicity 

(%) 

One-Way 

ANOVA 

Paired ࢚-test 

vs ηZnO 

IAME 

Extract 

99.95± 0.05% 
0.05 ± ܨ 0.14%/0.00% 0.05% = 74.51 

ݐ = 9.46, >݌  0.001 

ηZnO 
49.78± 13.02% 

50.22± 13.02% 

25.00%/60.05% 

=݌ 1.62× 10−8 

Reference 

ηZnO + 
IAME 

89.79± 0.70% 
10.21 ± 0.70% 9.00%/11.05% 

݌) <0.0001) 

ݐ = 7.87, =݌  5.32× 10−4 

 924 

 925 
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 926 

Table 5: Inhibition of Heat-Induced BSA Denaturation by Test Formulations (Zinc oxide 927 

nanoparticles (ηZnO), and the irradiated amniotic membrane extract (IAME)) versus standard anti-928 

inflammatory drug of Diclofenac Sodium. 929 

Concentration 

(μL/mL)  

Diclofenac 

Sodium (% 

Inhibition ± 

SD)  

IAME 

Monotherapy (% 

Inhibition ± SD)  

ηZnO 
Monotherapy (% 

Inhibition ± SD)  

ηZnO + IAME 

Combination (% 

Inhibition ± SD) 

Control (0) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5 
48.24± 0.40∗ 

5.10 ± 0.35 6.00 ± 0.17 14.00 ± 0.17† 

10 
56.54± 0.35∗ 

14.70 ± 0.68 12.00 ± 0.17 23.00 ± 0.17† 

25 68.90 ± 0.34 23.60 ± 0.35 19.00 ± 0.17 32.00 ± 0.26† 

50 79.20 ± 0.43 33.20 ± 0.35 26.00 ± 0.26 39.00 ± 0.17† 

75 
83.70± 0.29∗ 

42.30 ± 0.26 32.00 ± 0.17 46.00 ± 0.26† 

100 87.60 ± 0.26 51.80 ± 0.35 39.00 ± 0.17 54.00 ± 0.17† 

150 
91.10± 0.35∗ 

61.70 ± 0.26 46.00 ± 0.17 61.00 ± 0.26 

200 93.80 ± 0.43 71.80 ± 0.68 53.00 ± 0.26 68.00 ± 0.17 

IC50 (ߤL/mL) 6.01 94.72 175.40 81.65 

݌† < 0.05 indicates statistically significant enhancement of combination therapy over both 930 

individual monotherapies at low-to-mid concentrations (5–100 ߤL/mL).  931 

 932 
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Table 6: DPPH Radical Scavenging Activity (%) of Test Agents and Standard 933 

Concentration 

(μL/mL)  

ηZnO (% 
Scavenging ± 

SD)  

IAME (% 

Scavenging ± 

SD)  

ηZnO + IAME 
(% Scavenging 

± SD)  

Ascorbic Acid 

(% Scavenging 

± SD)  

25 12.00 ± 0.50 44.00 ± 0.30 56.03 ± 0.75† 56.00 ± 1.00 

50 16.00 ± 2.00 50.00 ± 2.00 60.00 ± 2.00† 60.00 ± 2.50 

75 20.00 ± 0.80 58.67 ± 0.50 67.00 ± 0.30† 72.00 ± 2.40 

100 25.00 ± 1.00 64.00 ± 0.20 74.00 ± 1.60† 83.00 ± 1.20 

150 32.00 ± 1.30 70.00 ± 0.30 81.00 ± 3.70 87.00 ± 2.70 

200 35.00 ± 1.00 78.00 ± 1.60 87.00 ± 2.00 90.00 ± 3.00 

IC50 (ߤL/mL) 302.15 43.61 15.65 17.14 

Values represent Mean ± Standard Deviation (SD) of triplicates (݊ = ݌† .(3 < 0.05 indicates 934 

statistically significant synergy/enhancement over individual monotherapies (𝜂ZnO and IAME 935 

alone). 936 

 937 

 938 

 939 

 940 

 941 

 942 

 943 

 944 
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 945 

Figure 1: Biochemical identification schematic of skin-associated bacterial isolates from atopic 946 

dermatitis hand lesions. Sequential evaluation using Microdase, coagulase, and trehalose 947 

fermentation assays to differentiate Kocuria rosea, Staphylococcus aureus, and coagulase-948 

negative staphylococci (S. epidermidis, S. warneri, and S. hominis). 949 

 950 

 951 

 952 

 953 

 954 

 955 

 956 

 957 
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 958 

Figure 2: Quantitative evaluation of biofilm biomass and percentage of reduction upon the 959 

treatment across high-MIC isolates. Bar plots (left y-axis) represent raw biofilm density 960 

determined by crystal violet assay (OD570 nm) across control and single/combination treatment 961 

groups. Overlay lines (right y-axis) depict corresponding percentage reductions in biofilm density 962 

relative to untreated controls. Single-agent treatments (𝜂ZnO and IAME) demonstrated moderate 963 

biofilm suppression, whereas dual-agent therapy (1:1 combination) achieved superior clearance 964 

across all tested strains, peaking at 92% inhibition in Kocuria rosea (isolate 30). Data values 965 

reflect mean absorbance measurements. (𝜂ZnO: Zinc Oxide Nanoparticles; IAME: Irradiated 966 

Amniotic Membrane Extract; OD: Optical Density). 967 

 968 
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 970 
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 979 

Figure 3:  Scanning electron micrographs of the tested strains. The non-treated control 980 

appeared in normal morphology, whereas the treated cells with the combination of Zinc Oxide 981 

Nanoparticles and the Irradiated Amniotic Membrane Extract (Combo, 1:1) showed morphological 982 

deformations due to the lysis effect of the treatment. 983 
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 989 

Figure 4: Dose-Response Viability Curves and Comparative Cytotoxicity. The dual-panel 990 

graph integrates both Cell Viability (%) (represented by solid lines with filled markers on the 991 

primary left ܻ-axis) and Cytotoxicity (%) (represented by dashed lines with open markers on the 992 

secondary right ܻ-axis) across all evaluated concentrations of Zinc Oxide Nanoparticles (Nano-993 

ZnO) and the Irradiated Amniotic Membrane Extract (IAME) (10 −  L/mL); on human 994ߤ 125

fibroblast cells. 995 

 996 

 997 

 998 

 999 

 1000 
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 1002 

 1003 

 1004 
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 1006 

 1007 

Figure 5: Concentration-response anti-inflammatory activity and IC50 determinations in 1008 

heat-induced bovine serum albumin (BSA) denaturation. Semi-logarithmic concentration-1009 

response curves illustrating the percentage inhibition of thermal BSA denaturation across serial 1010 

concentrations (5–200 ߤL/mL) of Diclofenac sodium (standard drug), IAME monotherapy, 𝜂ZnO 1011 

monotherapy, and their 1:1 combination (𝜂ZnO + IAME). The dashed horizontal line indicates the 1012 50% inhibition threshold (IC50). The dual combination (𝜂ZnO + IAME) demonstrated superior 1013 

anti-inflammatory potency (IC50 =  L/mL) compared to both individual interventions 1014ߤ 81.65

(IC50 = ݊) L/mL for 𝜂ZnO). Data points represent the mean 1015 ± standard error of the mean (SEM) of triplicate experimentsߤ L/mL for IAME and 175.40ߤ 94.72 = 3). (𝜂ZnO: Zinc Oxide 1016 

Nanoparticles; IAME: Irradiated Amniotic Membrane Extract; BSA: Bovine Serum Albumin). 1017 

 1018 

 1019 

 1020 

 1021 
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 1024 

 1025 

 1026 

Figure 6: Dose-dependent DPPH free-radical scavenging capacity and IC50 determinations 1027 

of test interventions relative to standard ascorbic acid. Concentration-response curves showing 1028 

percentage DPPH radical clearance across serial concentrations (25–200 ߤL/mL) of 𝜂ZnO, IAME, 1029 

their 1:1 combination (𝜂ZnO + IAME), and Ascorbic Acid (positive control). The horizontal dotted 1030 

line represents the median inhibitory threshold (50% scavenging). Co-formulation of 𝜂ZnO with 1031 

IAME produced synergistic antioxidant activity (IC50 =  L/mL), surpassing individual 1032ߤ 15.65

constituent monotherapies (IC50 =  L/mL for 𝜂ZnO) and 1033ߤ L/mL for IAME and 302.15ߤ 43.61

matching the potency of standard Ascorbic Acid (IC50 =  L/mL). Data points denote the 1034ߤ 17.14

mean ± standard error of the mean (SEM) of triplicate measurements (݊ = 3). (𝜂ZnO: Zinc Oxide 1035 

Nanoparticles; IAME: Irradiated Amniotic Membrane Extract; DPPH: 2,2-diphenyl-1-1036 

picrylhydrazyl). 1037 
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