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Abstract 

Multifunctional nanobiomaterials that combine antimicrobial activity with enhanced 

tissue repair is highly desirable in wound care. In this study, a low energy 

nanoemulsion based on rosehip and sunflower oils containing polyhexamethylene 

biguanide (PHMB) was developed and characterized as a potential nano-ingredient 

for topical application. The formulation exhibited nanometric droplet size, low 

polydispersity, and good physicochemical stability, maintaining its properties under 

different storage conditions and across scalable production batches. Biological 

evaluation demonstrated antioxidant activity associated with the vegetable oils, as 

well as enhanced antimicrobial efficacy compared to PHMB solution. In addition, the 

formulation reduced the expression of pro-inflammatory cytokines (IL-1, IL-6, and 

TNF-α) and promoted accelerated human epidermal keratinocytes migration in the 

wound healing assay in vitro, indicating combined anti-inflammatory and regenerative 

effects. Overall, the results suggest that this platform represents a promising 

multifunctional system for wound management, integrating antimicrobial protection 

with improved tissue repair. 

Keywords 

vegetable oils; antioxidant; anti-inflammatory; nanoingredient; polyhexamethylene 

biguanide. 
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Introduction 

Skin lesions represent a significant clinical and public health concern, since 

effective wound healing is essential to restore tissue integrity and prevent infections. 

The wound healing process is a complex and dynamic sequence of events involving 

inflammation, proliferation, and tissue remodelling, which must occur in a coordinated 

manner to achieve successful repair. Interruption of any of these steps can lead to 

delayed healing and increased susceptibility to microbial colonization, highlighting the 

need for therapeutic strategies capable of simultaneously promoting tissue 

regeneration and controlling microbial growth [1,2]. 

Natural oils have been receiving increasing attention in dermatological and 

cosmetic formulations due to their bioactive composition and beneficial effects on 

skin repair [3]. Among them, sunflower oil (Helianthus annuus) is rich in essential 

fatty acids, particularly linoleic acid, which contributes to the maintenance of skin 

barrier function and supports epidermal repair [4]. Another natural compound that is 

widely recognized for its moisturizing, antioxidant, and regenerative properties is 

rosehip oil (Rosa canina or Rosa rubiginosa). Rosehip oil contains high levels of 

polyunsaturated fatty acids, carotenoids, and phenolic compounds, which are 

associated with antioxidant activity and skin regeneration stimulation [5]. Despite 

these beneficial properties, the therapeutic effectiveness of these oils may be limited 

by factors such as poor stability, low bioavailability, and limited penetration into the 

skin [6]. 

Nanostructured delivery systems, particularly nanoemulsions, have emerged 

as promising platforms for enhancing the bioactive performance in topical 

formulations [7]. Nanoemulsions (NE) are characterized by droplet sizes typically 
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ranging from 20 to 200 nm, which provide advantages such as improved stability, 

increased surface area, enhanced skin penetration, and controlled release of active 

ingredients. These properties make nanoemulsions attractive systems for the delivery 

of natural oils and other bioactive molecules intended for wound care applications [8]. 

Beyond the scope of tissue regeneration, preventing microbial contamination 

stands as a critical determinant of successful wound healing [9,10]. 

Polyhexamethylene biguanide (PHMB) is a broad-spectrum antimicrobial agent 

widely used in medical and wound care products due to its high efficacy against 

bacteria and relatively low cytotoxicity to mammalian cells [11]. PHMB acts primarily 

by disrupting microbial cell membranes, leading to rapid antimicrobial activity. 

Beyond its antimicrobial properties, recent studies suggest that PHMB may also 

contribute indirectly to wound healing by reducing microbial burden and maintaining a 

favourable environment for tissue regeneration [12]. 

The combination of bioactive oils with antimicrobial agents in nanostructured 

systems may represent a promising strategy to develop multifunctional formulations 

capable of promoting skin repair while simultaneously preventing infection. In this 

context, the association of PHMB with a nanoemulsion formulated from a blend of 

sunflower and rosehip oils may enhance both the antimicrobial efficacy and the 

regenerative potential of the system. 

Therefore, the present study aimed to develop and evaluate a nanoemulsion 

based on a blend of sunflower and rosehip oils associated with PHMB and to 

investigate its physicochemical properties and biological activities, including 

antioxidant, moisturizing, anti-inflammatory, antimicrobial, and wound healing effects. 
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Results 

Characterization  

The blank nanoemulsion (NE PHMB-Free) and the PHMB-loaded 

nanoemulsion (ISnanoBio® PHMB) exhibited identical droplet size distributions, with 

mean diameters ranging between 170 - 180 nm. In contrast, a significant distinct 

profile was observed for Zeta Potential (ZP). The NE PHMB-Free presented a 

negative surface charge of -19.2 ± 0.8 mV, whereas the incorporation of the cationic 

polymer in the ISnanoBio® PHMB shifted the net charge to near-neutrality (0.2 ± 0.1 

mV) (Fig. 1a–b). Based on these promising initial findings, the ISnanoBio® PHMB 

formulation was selected for a scale-up process aiming at potential industrial 

applications. 

 

Figure 1: Physicochemical characterization of different nanoemulsions a) 

hydrodynamic diameter distribution; b) Zeta Potential (**** p < 0,0001). 
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Scaling 

The formulation was successfully scaled up from 10 g laboratory samples to 30 kg 

pilot-scale batches (Fig. 2).  
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Figure 2: Physicochemical characterization of scaling test of nanoemulsions a) 

Diameter and PdI; b) Size distribution.  

Although minor statistically significant differences in droplet size were 

observed among these batches, the mean diameters and polydispersity indices (PdI) 

consistently remained within the ideal range for nanotechnological systems. These 

findings confirm a narrow, monodisperse distribution for ISnanoBio® PHMB, 

demonstrating high process reproducibility even at a larger production volume. 

Stability study 

Throughout the entire monitoring period across all tested storage conditions, 

the ISnanoBio® PHMB formulations maintained their original macroscopic 

characteristics, showing no detectable alterations in appearance, color, or odor, and 

confirming the absence of phase separation or precipitation. 
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Apparent stability under Storage  

Droplet size (Fig. 3a), zeta potential and pH (Fig. 3b) of ISnanoBio® PHMB 

stored under room temperature (25 ± 2 °C) were monitored for 180-day interval of 

time. Its nanometric scale remained throughout the entire y monitoring period (D1–

D180). The mean droplet diameter started near 150 nm (D1–D7), experienced a 

transient increase to approximately 220 nm at D30, and subsequently decreased, 

stabilizing between 145 and 160 nm up to D180. Concurrently, PdI values remained 

low and stable, fluctuating between 0.15 and 0.25, which confirms a moderately 

narrow size distribution. The zeta potential displayed minor variations over time; 

initially near-neutral at D1–D7, ZP values shifted to around 3.0–3.5 mV at D30 and 

D60, before returning to approximately 1.0–2.0 mV by D90 and D180. Despite these 

fluctuations, no signs of phase separation or abrupt instability occurred. Furthermore, 

the pH remained essentially constant during storage, varying only slightly within the 

4.3–4.6 range. 

Accelerated and Stress Stability Tests  

Under refrigerated storage (4 ± 2 °C) over a 15-day period (Fig. 3c–d), the 

ISnanoBio® PHMB also exhibited high physical stability. The droplet diameter 

hovered around 145–165 nm from D1 to D15, showing only a minimal increase at the 

final time point. The PdI values remained consistently low (0.13–0.18), indicating the 

preservation of a homogeneous droplet population. The ZP remained close to 

neutrality throughout the evaluation, rising slightly from 0.2 mV (D1) to 0.8 mV (D15), 

while the pH values were stable at approximately 4.4. 

At an elevated temperature (45 ± 2 °C) (Fig. 3e–f), the formulation likewise 

sustained its nanometric characteristics. The droplet diameter remained virtually 
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unchanged (145–150 nm) from D1 to D15, and the PdI values stayed stable and low 

(0.12–0.16). The zeta potential exhibited a minor upward trend, rising from 0.3 mV at 

D1 to 0.9 mV at D15, with the pH showing minimal variation around 4.4. 

Finally, during the thermal shock cycling test (4 ± 2 °C to 45 ± 2 °C) (Fig. 3g–

h), the nanoemulsion demonstrated strong resistance to thermal stress. The droplet 

diameter was highly stable at approximately 145 nm throughout the entire challenge, 

with PdI values tightly controlled between 0.12 and 0.18. The zeta potential 

increased slightly over time (from 0.3 to 0.8 mV), while the pH remained constant at 

approximately 4.4. 
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Figure 3: Diameter, PdI, Zeta potential and pH on stability evaluation of ISnanoBio® 

PHMB a) and b) 25 ± 2 °C; c) and d) 4 ± 2 °C; e) and f) 45 ± 2 °C; g) and h) 4 ± 2 °C 

– 45 ± 2 °C cycle.  



10 

Efficacy studies 

Antioxidant activity 

The DPPH scavenging assay (Fig. 4a) demonstrated the superior antioxidant 

activity of ISnanoBio® PHMB compared with a PHMB solution and a commercial 

PHMB-based product, evaluated under the same experimental conditions and 

equivalent PHMB concentrations. ISnanoBio® PHMB exhibited a DPPH radical 

scavenging capacity of 61.9%, whereas the commercial product showed 11.5%, and 

PHMB solution did not exhibit detectable antioxidant activity. 

Moisturizing effect 

The moisturizing effect was evaluated using an assay designed to assess the 

barrier function of the formulations. As shown in Fig. 4b, ISnanoBio® PHMB 

exhibited a moisturizing effect through this mechanism, showing reductions in 

transmembrane water loss of 25.1 ± 2.7% and 29.1 ± 1.6%, respectively. 

Anti-inflammatory activity  

The anti-inflammatory effects of ISnanoBio® PHMB, PHMB solution, and a 

commercial PHMB Solution were evaluated by assessing the modulation of pro-

inflammatory cytokine expression, including Interleukin-1 (IL-1), Interleukin-6 (IL-6), 

and Tumor Necrosis Factor-α (TNF-α). The IL-1 modulation profile (Fig. 4c) showed 

a downregulation of cytokine expression promoted by ISnanoBio®, inhibiting 20.3 ± 

3.9% of IL-1 expression. PHMB solution, and the commercial PHMB Solution showed 

inhibition values of 5.9 ± 6.5%, and 8.3 ± 7.8%, respectively, which were not 

considered statistically significant. 
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IL-6 expression (Fig. 4d) exhibited the most pronounced reduction among the 

evaluated cytokines. ISnanoBio® PHMB reduced IL-6 expression by 60.1 ± 2.9%, 

PHMB solution by 78.3 ± 1.7%, and the commercial PHMB Solution by 58.3 ± 2.6%. 

For TNF-α expression (Fig. 4e), the samples showed inhibition values of 22.4 ± 

2.3%, 32.8 ± 1.2%, and 18.8 ± 5.5% for ISnanoBio® PHMB, PHMB solution, and the 

commercial PHMB solution, respectively. 

In Vitro Wound Healing 

The wound healing assay evaluated the capacity of the formulations to 

accelerate scratch closure in human keratinocyte monolayers over a 48 h period. 

Quantitative kinetic measurements were performed at 12, 24, 36, and 48 h (Fig. 4f), 

and representative micrographs capturing the initial, intermediate, and final stages of 

scratch closure are presented in Figure 5. At the baseline (0 h), all experimental and 

control groups exhibited equivalent wound areas, establishing a uniform starting point 

for analysis. 

Initial scratch closure rates after 12 h were similar across all tested groups, 

with ISnanoBio® PHMB reaching 14.3 ± 1.3%, followed by the free PHMB solution 

(12.6 ± 2.1%), the commercial PHMB-based product (12.4 ± 0.8%), and the 

untreated control (11.8 ± 1.2%). However, a dramatic divergence was observed at 

the 24 h mark; the ISnanoBio® PHMB group promoted a substantial increase in cell 

migration, achieving 74.2 ± 2.3% wound closure, markedly outperforming the 

commercial product (64.2 ± 5.6%), the control group (65.2 ± 2.1%), and the free 

PHMB solution (58.6 ± 3.1%). This superior performance was sustained at 36 h, with 

the nanoemulsion leading to 86.9 ± 2.2% closure, compared to 80.6 ± 1.9% for the 

control. 
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Finally, at 48 h, complete wound closure (100%) was successfully achieved in 

both the ISnanoBio® PHMB and the commercial product groups, whereas the free 

PHMB solution and the control group lagged behind, plateauing at approximately 

90.4 ± 0.5% and 90.7 ± 3.4% closure, respectively. 
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Figure 4: In vitro efficacy studies a) DPPH scavenging; b) Transmembrane water 

loss; c) IL-1 expression; d) IL-6 expression; e) TNFα expression; f) Percentage of 

wound closure (* IsnanoBio PHMB, + PHMB Solution, # Commercial PHMB 

Solution.) 
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Figure 5: In vitro wound closure at 0, 24 and 48 hours after treatment 

 

Antimicrobial effect 

To assess the antimicrobial activity of ISnanoBio® PHMB, a Minimum 

Inhibitory Concentration (MIC) assay was performed, comparing the formulation with 

PHMB solution, a Commercial PHMB Solution, and the free oils blend (rosehip and 

sunflower). The results are presented in Table 1 and demonstrate the enhanced 

activity promoted by the combination of PHMB with nanostructured oils. 

ISnanoBio® PHMB showed MIC values of 1:16 against Staphylococcus 

aureus and an impressive >1:64 against Escherichia coli, while PHMB solution 

showed MIC values of 1:4 and 1:16, respectively. The Commercial PHMB Solution 
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presented MIC values of 1:32 and 1:16, whereas the oils showed MIC values of 1:2 

and >1:2. 

Table 1: Minimum inhibitory concentration of samples.  

Sample 

MIC (dillution) 

S. aureus E. coli 

ISnanoBio PHMB 1:16 <1:64 

PHMB Solution 1:4 1:16 

Commercial PHMB 

Solution 
1:32 1:16 

Free oils blend 1:2 >1:2 

 

Discussion 

This study aimed to develop, characterize, scale up, and evaluate a novel 

nanoemulsion based on a blend of sunflower and rosehip oils associated with PHMB 

as a potential wound healing system, elucidating the influence of this biguanide on 

the physicochemical and therapeutic characteristics of the nanoemulsion. The 

characterization showed that PHMB does not influence the droplet diameter; 

however, it significantly altered the surface charge profile. The blank nanoemulsion 

(NE PHMB-Free) exhibited anionic zeta potential, which shifted toward neutrality 

upon the addition of PHMB. This charge reversal is directly attributed to the chemical 

nature of PHMB, a highly cationic polymer containing protonated amine groups. 
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These positively charged moieties interact with the droplet interface, allowing the 

polymer to adsorb onto and coat the surface of the nanostructures. Similar interfacial 

behaviors and charge masking have been reported in studies involving polymeric 

nanoparticles [13] and polymeric aggregates [14].  

Following the elucidation of the role of PHMB in the interfacial properties of the 

system, a scale-up study was performed to evaluate the feasibility of manufacturing 

the nanoemulsion at a pilot-industrial scale. The results demonstrated that the 

fundamental nanotechnological characteristics were successfully maintained across 

all batch sizes, with minor variations being attributed to the specific shear profiles 

applied during each preparation. The bench-scale batch (10 g) was produced via 

magnetic stirring, a process characterized by low, localized shear forces. In contrast, 

the larger batches utilized mechanical agitation; within these scaled-up systems, a 

slight trend toward increased droplet size was observed as the formulation volume 

escalated, culminating in the 30 kg batch. This behavior is well-documented in 

process engineering and is explained by the progressive challenge of achieving 

uniform shear dissipation and homogeneous energy distribution throughout larger 

fluid volumes [15]. 

Driven by the evidence that the formulation is highly scalable via the phase 

inversion method, its long-term stability was sequentially thoroughly investigated 

under diverse storage conditions. The nanosystem successfully maintained its 

droplet diameters within the nanometric range, preserved low polydispersity, and 

exhibited stable zeta potential and pH values over the monitoring periods. These 

findings underscore a highly satisfactory physicochemical stability, a particularly 

notable achievement given that the system was manufactured using a low-energy 

emulsification approach. This colloidal robustness can be primarily attributed to the 
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efficient steric stabilization provided by the surfactant combination of polysorbate 80 

and poloxamer 407. The hydrophobic segments of these amphiphilic molecules 

anchor firmly at the oil interface, while their hydrophilic chains extend into the 

aqueous phase, generating a powerful steric hindrance that prevents close droplet–

droplet interactions and effectively inhibits coalescence [16,17]. Additionally, the 

small droplet size and low polydispersity contribute to the stability, as they enhance 

Brownian motion and reduce destabilization phenomena such as Ostwald ripening 

[18,19]. 

Following the physicochemical characterization and stability trials, the 

bioactivity of the formulation was investigated. The DPPH radical scavenging assay 

demonstrated a remarkable antioxidant potential for the nanostructured system. 

While free PHMB itself does not exhibit inherent radical scavenging properties, the 

vegetable oils comprising the nanoemulsion core contribute significantly to this effect. 

Both sunflower and rosehip oils are naturally rich in bioactive components, including 

unsaturated fatty acids, phenolic compounds, carotenoids, and tocopherols. In 

particular, the high content of these lipophilic antioxidants in rosehip oil plays a 

pivotal role, as they readily donate hydrogen atoms or electrons to neutralize free 

radicals, thereby imparting substantial antioxidant activity to the final formulation 

[20,21]. 

The moisturizing effect experiment evaluated the occlusive capacity of the 

formulations and demonstrated this property for ISnanoBio® PHMB. This effect can 

be attributed to the lipophilic nature of the oils, which form a thin film on the surface of 

the membrane, thereby reducing transmembrane water loss and consequently 

transepidermal water loss [22]. The formation of this film is facilitated by the 

nanometric-sized droplets, which enhances oil spreading and increases the surface 
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area coverage, contributing to the observed occlusive and moisturizing effects. 

Several studies have demonstrated that effect [23–25]. 

The anti-inflammatory evaluation demonstrates the PHMB nanodevice 

potential in reduce inflammation through the modulation of pro-inflammatory cytokine 

expression. For IL-6 and TNF-α, all formulations promoted a decrease in their 

expression levels. However, for IL-1, only ISnanoBio® PHMB was able to 

significantly reduce IL-1 levels, highlighting the superior anti-inflammatory 

performance of this formulation. 

The anti-inflammatory effect observed for the PHMB nanoemulsion may be 

attributed to the combined action of the bioactive compounds present in the 

vegetable oils and the antimicrobial activity of PHMB. Unsaturated fatty acids and 

antioxidant molecules such as tocopherols and carotenoids are known to modulate 

inflammatory signaling pathways, including NF-κB, leading to reduced expression of 

pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α [26,27]. Additionally, the 

antimicrobial activity of PHMB may decrease inflammatory stimuli associated with 

microbial presence, further contributing to cytokine downregulation [28–30]. 

The in vitro wound healing assay demonstrated that the nanoformulation 

significantly accelerated keratinocyte migration compared to both the untreated 

control and the commercial comparator, with the most pronounced divergence 

occurring at the 24 h mark. Notably, ISnanoBio® PHMB achieved the highest wound 

closure rate, culminating in complete scratch sealing within 48 h. 

This enhanced therapeutic performance can be attributed to the synergistic 

action between the biguanide and the bioactive lipophilic matrix. Sunflower and 

rosehip oils are exceptionally rich in polyunsaturated fatty acids, tocopherols, and 
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carotenoids, which are well-documented to promote tissue regeneration and 

modulate inflammatory responses [31,32]. Structurally, these components act down-

stream to mitigate oxidative stress and regulate crucial cellular signaling pathways. 

This biochemical modulation is key to transitioning from the inflammatory to the 

proliferative phase of healing, ultimately leading to a down-regulation of pro-

inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor 

necrosis factor-alpha (TNF-α), and thereby establishing an optimized 

microenvironment for rapid re-epithelialization [33–35]. Literature evidence supports 

that rosehip oil promotes wound healing by accelerating the phenotypic transition of 

macrophages from the pro-inflammatory M1 phenotype to the M2 phenotype, which 

is associated with anti-inflammatory responses and tissue repair. This shift 

contributes to the resolution of inflammation and supports the regenerative phase of 

the healing process [36]. 

Additionally, the antimicrobial activity of PHMB contributes to the creation of a 

favorable microenvironment for tissue repair by reducing microbial load and 

associated inflammatory stimuli [11,28]. The nanometric droplet size of the 

formulation may further enhance this effect by improving the distribution and cellular 

interaction of the bioactive compounds, facilitating cell migration and accelerating 

wound closure as demonstrated in some studies [37–39]. Altogether, these findings 

suggest that the developed nanoemulsion promotes wound healing through a 

combination of antioxidant, anti-inflammatory, and antimicrobial mechanisms. The 

antimicrobial activity observed for the formulation can be attributed primarily to the 

PHMB presence, a cationic polymer widely recognized for its broad-spectrum 

antimicrobial properties. The mechanism of action of PHMB is mainly associated with 

electrostatic interactions between its positively charged biguanide groups and the 
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negatively charged components of bacterial cell membranes. This interaction disrupts 

membrane integrity, increasing permeability and ultimately leading to leakage of 

intracellular components and inhibition of microbial growth. In addition to membrane 

disruption, PHMB may also interact with intracellular targets such as bacterial DNA, 

further contributing to its antimicrobial efficacy [12,40]. 

 PHMB-associated nanoemulsion system significantly enhances this 

antimicrobial efficacy by optimizing the dispersion of the active biguanide and 

maximizing its availability at the interface between the formulation and the microbial 

cells. The nanometric droplet size provides a vastly increased surface-to-volume 

ratio, which facilitates intimate contact between the cationic antimicrobial agent and 

the negatively charged bacterial membranes. This enhanced interfacial interaction 

disrupts membrane integrity more effectively, thereby increasing the overall efficiency 

of microbial inactivation. [14,28]. In addition, presence of vegetable oils in the 

formulation may provide complementary effects, as unsaturated fatty acids and minor 

bioactive constituents present in plant oils have been reported to exert mild 

antimicrobial activity. These lipophilic components directly interact with and 

destabilize microbial lipid membranes [41]. 

Another important aspect is the ability of such multifunctional formulations to 

simultaneously control microbial proliferation while maintaining a favourable 

environment for tissue repair [42]. By reducing the microbial burden, PHMB helps to 

prevent infection and limits the persistence of inflammatory stimuli associated with 

microbial colonization. This biological protection is highly critical in wound 

management, where bacterial contamination inevitably delays the healing cascade 

and exacerbates tissue damage. Therefore, the strategic integration of PHMB within 

an optimized nanoemulsion delivery system represents a highly promising and 
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synergistic approach for topical applications, successfully merging broad-spectrum 

antimicrobial defence with active support for tissue regeneration. 

Conclusion  

The results obtained in this study demonstrate that the developed 

nanoemulsion is a stable and scalable system with suitable physicochemical 

characteristics for topical applications. Experimental data corroborates with scalability 

of tested formulation even using a low energy method, a great evidence that 

composition and selected catastrophic emulsion phase inversion method is a viable 

approach for industrial production, despite minor variations associated with shear 

differences. These findings highlight the robustness of the system and its potential for 

large-scale manufacturing without compromising its nanotechnological properties. 

From a biological perspective and therapeutic application, the PHMB-

associated nanoemulsion exhibited multifunctional properties, combining antioxidant, 

antimicrobial, anti-inflammatory, and wound healing proprieties. The PHMB 

significantly enhanced antimicrobial efficacy and contributed to the modulation of 

inflammatory responses, while the vegetable oils in nanoemulsion seems contribute 

for reducing oxidative stress and promoting tissue regeneration. 

Overall, these results indicate that the developed formulation represents a 

promising and scalable multifunctional platform for wound care applications, 

integrating antimicrobial protection with enhanced tissue repair capacity. 
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Experimental 

Materials 

PHMB chloride 20% aqueous solution was provided by IMCD Brasil (Diadema, 

SP, Brazil). Rosehip and sunflower oils were purchased from DPS química 

(Guarulhos, SP, Brazil). Polysorbate 80 was purchased from Sigma-Aldrich (Brazil). 

Sorbitan monooleate was purchased from Aquia Química (Guarulhos, SP, Brazil). 

Glycerol was purchased from Sciavicco (Belo Horizonte, MG, Brazil).  

 

Production of nanoemulsions 

ISnanoBio® PHMB nanoemulsion was initially produced in 10-gram batches 

using the phase inversion composition (PIC) method at room temperature (25 ± 2 

°C). Briefly, the aqueous phase, composed by deionized water, poloxamer 407 (5%) 

and PHMB (1%), was added dropwise (1 mL/min) to the oil phase, composed by 

rosehip (1.4%) and sunflower (5.6%) oils, glycerol (10%), polysorbate 80 (5.25%) and 

sorbitan monooleate (1.75%) under 1500 rpm magnetic stirring (IKA® C MAG HS 7 

magnetic stirrer). 

Before to the addition of the aqueous phase, the oil phase was stirred for 5 

minutes to achieve a sufficient homogenization of the ingredients. After this, the 

formulation was kept under stirring for 30 minutes. The entire process was conducted 

at room temperature (25 ± 2 °C). PHMB-free nanoemulsion (NE PHMB Free) was 

prepared in a similar manner, but in absence of PHMB. All samples were prepared in 

triplicate and data were expressed as mean ± standard deviation.  
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Scaling test 

The 100 g and 1 kg batches were produced under mechanical stirring (IKA® 

RW 20 Digital mechanical stirrer) with an aqueous phase flow rate of 0.5 mL/min, and 

subsequently scaled up to 30 kg using a tilting process reactor (Alki Máquinas, 

Diadema, SP, Brazil) with an aqueous phase flow of 1 L/min. The conditions required 

to reach all scale-up stages are presented in Table 2. Furthermore, no changes to 

the composition were required to scale-up process. 

 

Table 2 – Parameters for ISnanoBio® PHMB nanoemulsion production 

Batch 
size 

Equipment 
Stirring 
speed 
(rpm) 

Stirring 
duration 

(min) 

Inclination 
angle 

Temperature 
(°C) 

10 g 
IKA® C MAG HS 7 

magnetic stirrer 
1500 30 0 25 

100 g 
IKA® RW 20 Digital 
mechanical stirrer 

1500 30 0 25 

1 kg 
IKA® RW 20 Digital 
mechanical stirrer 

1600 30 0 25 

30 kg Tilting Process Reactor 3500 30 0 25 

 

Physicochemical characterization 

Diameter, Polydispersity Index (PdI) and Zeta Potential (ZP) were measured 

by dynamic light scattering (DLS) an equipment ZetaSizer NanoZS (Malvern 

Instruments, UK) with the aid of Zeta Plus® Particle Sizing software version 8.01, at 

a wavelength of 659 nm with a scattering angle of 173° and temperature at 25 °C 

with a 1:100 dilution.  
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Stability test 

The preliminary stability of the formulation prepared using a mechanical 

propeller stirrer was evaluated for 15 days according to the Cosmetic Products 

Stability Guide issued by the Agência Nacional de Vigilância Sanitária (1st ed., 

Brasília: ANVISA, 2004, 52 p.). For room temperature the samples were evaluated 

for 180 days at predetermined intervals.  

The evaluated parameters included appearance, color, and odor, which were 

assessed by visual inspection; pH, measured using a benchtop pH meter (Gehaka 

equipment) with a specific electrode; mean droplet diameter and polydispersity index, 

determined by dynamic light scattering; and zeta potential, measured by 

electrophoretic mobility using a Zetasizer Nano ZS (Malvern Panalytical). 

The samples were stored in hermetically sealed, opaque containers protected 

from light. The storage conditions were as follows: room temperature (25 ± 2 °C); 

elevated temperature in an oven (40 ± 2 °C); low temperature under refrigeration (5 ± 

2 °C); and freeze–thaw cycles, consisting of alternating storage for 24 h in a 

refrigerator (3 ± 2 °C) and 24 h in an oven (38 ± 2 °C) over a period of 15 days 

(except for room temperature samples, which were evaluated for 180 days). 

Efficacy study 

Antioxidant activity  

Antioxidant capacity was measured by DPPH radical scavenging assay. 

Samples were added to a 0,1 mM DPPH solution and incubated at 25°C in dark for 

60 minutes and a blank measure was made for every sample to avoid the light 
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scattering effect. After incubation, the absorbance was measured at 517 nm with an 

Agilent Epoch BioTek microplate reader.  

Moisturizing effect  

The moisturizing effect was evaluated using a transmembrane water loss 

(TMWL) assay as described previously by Montenegro and colleagues in 2017, with 

modifications [43]. Briefly, a cellulose membrane was placed over a beaker 

containing 10 mL of water. A thin layer of the formulation was then applied onto the 

membrane surface. The beaker was subsequently placed in an oven maintained at 

32 ± 0.5 °C for 6 h. 

The beakers were weighed at the beginning and at the end of the experiment, 

and the difference in mass was used to determine the amount of water lost by 

evaporation. All measurements were performed in triplicate. A control experiment 

was also conducted under the same conditions using a cellulose membrane without 

any formulation applied. 

Anti-inflammatory activity  

For anti-inflammatory evaluation, human keratinocyte cultures were 

maintained in DMEM (Dulbecco’s Modified Eagle’s Medium) supplemented with 

appropriate additives, incubated at 37 °C in a humidified atmosphere containing 5% 

CO₂, and handled under a laminar flow hood. The cells were seeded into culture 

plates and subjected to cellular stress induced by sodium lauryl sulfate (SLS). 

Subsequently, solutions corresponding to the control and sample groups were 

applied, and the cells were incubated for 48 h under the same conditions. After this 



26 

period, messenger RNA (mRNA) was extracted using Trizol reagent, and its quantity 

and purity were evaluated. 

The extracted RNA was then subjected to reverse transcription to synthesize 

complementary DNA (cDNA). Gene expression analysis of IL-1, IL-6, and TNF-α was 

subsequently performed, using GAPDH as the endogenous control. The tested 

concentrations were 0.05% for ISnanoBio® PHMB, 0.001% for PHMB, and 1% for 

the Commercial PHMB Solution. 

Wound healing  

Human epidermal keratinocytes were used in this study. The cells were 

cultured in DMEM (Dulbecco’s Modified Eagle’s Medium) supplemented with 

appropriate additives, maintained at 37 °C in a humidified atmosphere containing 5% 

CO₂, and handled under a laminar flow hood. The cells were seeded into appropriate 

culture plates for cell growth. A preliminary cytotoxicity assay was conducted to 

determine non-cytotoxic concentrations for the efficacy analysis. The concentrations 

selected for the study were 0.05% ISnanoBio® PHMB, 0.001% PHMB, and 1.0% 

Market Product (0.1% PHMB in its composition). 

For the control group, cells were maintained in supplemented culture medium. 

When the cultures reached 100% confluence, an in vitro wound was created, which 

was defined as time 0 h. At this point, supplemented culture medium was added to 

the control group, while the experimental groups received the test solutions. The 

cultures were then maintained at 37 °C for 48 h, and images were captured every 12 

h for comparison. 
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The images were analyzed using the ImageJ software. The wound areas were 

measured at 0, 12, 24, 36, and 48 h to determine the percentage of wound closure 

over time. The wound area at 0 h was considered 0% closure, while 100% closure 

was defined as the point at which the bottom of the culture plate was no longer 

visible. 

Antimicrobial effect 

The antibacterial activity was evaluated using the broth microdilution method, 

following the methodology described by the Clinical and Laboratory Standards 

Institute (CLSI, 2012), with minor modifications. The bacterial strains were obtained 

from the Biotechnology of Biomolecules Laboratory of the Department of 

Biochemistry, Federal University of Rio Grande do Norte. The Gram-positive 

bacterium Staphylococcus aureus (ATCC 29213) and the Gram-negative bacterium 

Escherichia coli (ATCC 25922) were used. The strains were maintained on nutrient 

agar (HIMEDIA, India) at 4 °C. 

The bacteria were streaked onto Mueller–Hinton agar (MH, HIMEDIA, India) 

and incubated for 24 h at 35 ± 2 °C. After incubation, a microbial suspension was 

prepared in sterile tubes containing 0.9% saline solution, and the turbidity was 

adjusted to the 0.5 McFarland standard at 595 nm using a microplate reader (Epoch-

BioTek®, Winooski, VT, USA). 

In 96-well microplates, mixtures containing different concentrations of the 

samples and the bacterial suspension in MH broth (5 × 10⁵ CFU/mL) were incubated 

at 35 ± 2 °C for 24 h. Wells containing culture medium in the presence and absence 

of the bacterial suspension were used as positive and negative controls for microbial 

growth, respectively. 
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After the incubation period, the absorbance was measured at 595 nm using a 

microplate reader. The results were expressed as the percentage of microbial growth 

relative to the positive growth control. The minimum inhibitory concentration (MIC) 

was defined as the lowest sample concentration capable of inhibiting visible microbial 

growth, presenting absorbance values similar to those of wells containing culture 

medium in the absence of bacterial suspension. 
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