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Abstract

The objective of this study is to demonstrate that melittin, a well-studied antimicrobial peptide 

(AMP), can be solubilized in an active form in bicontinuous microemulsions (BMEs) that 

employ biocompatible oils. The systems investigated consisted of Winsor-III and -IV BME 

phases composed of Water/Aerosol-OT (AOT)/Polysorbate 85/isopropyl myristate and a Winsor-

IV BME employing Polysorbate 80 and limonene. We found that melittin resided in an α-helix-

rich configuration and was in an apolar environment for the AOT/Polysorbate 85 Winsor-III 

system, suggesting that melittin interacted with the surfactant monolayer and was in an active 

conformation. An apolar environment was also detected for melittin in the two Winsor-IV systems, 

but to a lesser extent than the Winsor-III system. Small-angle X-ray scattering analysis indicated 

that melittin at a concentration of 1.0 g/Laq in the aqueous subphase of the Winsor-IV systems 

led to the greatest impact on the BME structure (e.g., decrease of quasi-periodic repeat distance 

and correlation length and induction of interfacial fluidity). The antimicrobial activity of the 

Polysorbate 80 Winsor-IV system was evaluated against several bacteria prominent in chronic 

wounds and surgical site infections (SSIs). Melittin-free BMEs inhibited the growth of all tested 
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bacteria due to its oil, limonene, while the inclusion of 1.0 g/Laq of melittin in the BMEs enhanced 

the activity against several bacteria. A further increase of melittin concentration in the BMEs had 

no further enhancement. These results demonstrate the potential utility of BMEs as a delivery 

platform for AMPs and other hydrophilic and lipophilic drugs to inhibit antibiotic-resistant 

microorganisms in chronic wounds and SSIs.
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INTRODUCTION

Chronic wounds, defined as wounds that do not heal in an appropriate amount of time, and 

surgical site infections (SSI) result in many extended hospitalizations and fatalities each 

year and lead to discomfort and lowered quality of life for patients (Frykberg & Banks, 

2015). Methods to prevent these infections such as cleaning and preparing medical tools 

have had minimal success in preventing infections (Fife & Carter, 2012; Zimlichman et al., 

2013). SSIs have been described as one of the most common healthcare associated infections 

with most being preventable (Bagnall et al., 2009; Leaper, 2010). Chronic wounds and SSIs 

are caused by gram-positive and gram-negative bacteria that originate from the patient or 

external environment (Gupta et al., 2021). Further, antibiotic treatments applied to SSIs 

and chronic wounds have become less successful because of the rise in antibiotic-resistant 

bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA; Gupta et al., 2021). 

New measures are required to reduce the negative impacts.

Antimicrobial peptides (AMP) are a possible solution to combat the rise in antibiotic-

resistant microorganisms in the treatment of chronic wounds and SSIs. AMPs are naturally 

occurring amphipathic oligopeptides, many of which are positively-charged, that are found 

in humans, animals, or synthetically created and possess biological activity against bacteria, 

viruses, fungi, and tumors (Kang et al., 2019; Ramazi et al., 2022). AMPs operate by 

disrupting the packing arrangements of biomembranes in prokaryotic invaders through 

their insertion into negatively charged phospholipid bilayers. Although AMPs have many 

beneficial functions, such as wound healing, they have not been adopted universally because 

of their potential toxicity to humans, sensitivity to environmental factors, folding problems, 

ineffective encapsulation and delivery, and high costs (Bahar & Ren, 2013; Thapa et al., 

2020). AMPs currently approved by the U.S. Food and Drug Administration (FDA) include 

gramicidin (a component found in several ophthalmic formulations), daptomycin, colistin, 

nisin, melittin, and polymxyins (Huan et al., 2020). Many others have been researched but 

were not successful in passing each round of clinical trials (Dijksteel et al., 2021).

Selection and design of delivery systems for AMPs requires further study. Delivery systems 

may include polymeric materials, surfactant and lipid dispersion/self-assembly systems, 

peptide self-assembly systems, and other formulations (Nordström & Malmsten, 2017). 

Delivery systems that have been proposed specifically to treat wounds include nanoparticles, 

hydrogels, creams, and ointments (Huan et al., 2020). Many systems approved for the 

delivery of AMPs are applied through intradermal, subcutaneous, or transdermal injections 

(Anil & Kannan, 2018). These methods can be invasive and, in some cases, cause pain to the 

patients. Additional and newer systems are required to encapsulate and effectively topically 

deliver AMPs in a biologically active form.

A possible topical delivery treatment system for AMPs are bicontinuous microemulsions 

(BMEs). Microemulsions are dynamic, optically clear and thermodynamically stable 

nanoscale dispersions of oil-in-water or water-in-oil formed by surfactant monolayers 

(Sjöblom et al., 1996). BMEs consist of elongated nanodomains of oil and water formed 

by surfactants equally balanced in hydrophilicity and lipophilicity. The balance can be 

readily achieved through proper selection (i.e., optimization) of tuning parameters, such 
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as temperature for alkyl ethoxylate surfactants and salinity for ionic surfactants, with three-

phase ME systems formed at low surfactant concentration (Winsor-III, or WIII systems, 

composed of BME middle phases in equilibrium with water and oil excess phases) and 1-

phase BMEs (WIV systems) formed at higher surfactant concentrations (Nguyen & Sabatini, 

2011). The laboratories of Jeffrey Harwell and David Sabatini have been instrumental in 

developing strategies for optimization of BMEs (Attaphong & Sabatini, 2017; Chen et 

al., 2022; Do et al., 2015; Nguyen & Sabatini, 2009; Phan et al., 2010). It is therefore a 

pleasure to participate in this Special Issue of Journal of Surfactants and Detergents to honor 

both. BMEs have been employed for many applications, including enhanced oil recovery 

(Marquez et al., 2019), nanomaterials (Shiba et al., 2022), blending of immiscible polymers 

(Kulshreshtha et al., 2022), protein purification (Hayes et al., 2017), and chemical and 

biochemical reactions (Bose et al., 2022; Wang & Huang, 2021). BMEs are particularly 

well-suited for drug delivery due to their ability to solubilize large amounts of polar and 

apolar drugs simultaneously (Choi et al., 2021; Peng et al., 2021).

We have previously been successful in encapsulating melittin, a well-studied model 

positively-charged AMP consisting of 26 amino acids that is rich in α-helix secondary 

structure when bound to biomembranes (Guha et al., 2021; Habermann & Jentsch, 1967; 

Moreno & Giralt, 2015; Teixeira et al., 2012), into BMEs at concentrations exceeding 5 

g/L through the construction of WIII systems formed by anionic surfactants (Hayes et al., 

2018). The molecular structure of melittin is given in Figure S1 (Hong et al., 2019). We 

found that BME-encapsulated melittin resides in a highly folded, α-helical, form, indicating 

it is likely interacting with the surfactant monolayers, enabling it to be biologically active. 

However, above a threshold concentration (~1–2 g/L), melittin appeared to be less intimately 

associated with the surfactant monolayers, leading to a reduction of folding (Sharma et al., 

2017; Sharma et al., 2019).

The goal of this research is to demonstrate that melittin can be solubilized in an active form 

within WIII or WIV-based BME systems where the alkane oils employed previously are 

replaced by isopropyl myristate (IPM) or limonene and to test the resultant BMEs for their 

antimicrobial activity against gram-positive and gram-negative bacteria commonly found in 

SSIs and chronic wounds. Analysis of BMEs and related delivery systems (e.g., cubosomes) 

for antimicrobial activity has been rarely studied (de Assis et al., 2020). Two systems were 

created using an anionic surfactant Aerosol-OT (AOT; Liu et al., 2009; Yanyu et al., 2012). 

Another system was created using a nonionic surfactant, Polysorbate 80 (de Campo et al., 

2004). Both systems were successful in encapsulating aqueous melittin up to and over 2.0 

g/L.

MATERIALS AND METHODS

Materials

AOT (sodium bis(2-ethylhexyl) sulfosuccinate, ≥97% pure), Polysorbate (Tween®) 80 

(polyoxyethylene (20) sorbitan monooleate), Polysorbate (Tween®) 85 (polyoxyethylene 

(20) sorbitan trioleate), (R)-(+)-limonene (97% pure), isopropyl myristate (IPM) (≥98% 

pure), glycerol (≥99% pure), and melittin from bee venom (≥85% HPLC), a + 6-charged 

peptide (pI = 12.01, MW = 2846 g/mol), were purchased from Sigma-Aldrich (Milwaukee, 
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WI, USA). Because melittin is a slightly toxic and slightly irritating (acute oral and dermal 

ecotoxicity, Category 3), nitrile gloves were employed when handling. Ethanol, Falcon™ 

96-well non-treated U-shaped bottom polypropylene plates, tryptic soy broth (TSB), tryptic 

soy agar (TSA), phosphate buffered saline (PBS), Mueller Hinton agar (MHA), blank 

paper disks, ciprofloxacin disks, and gentamicin antibiotic liquid were purchased from 

Fisher Scientific (Pittsburgh, PA, USA). Frozen bacteria cultures of Escherichia coli 
K-12 (American Type Culture Collection [ATCC]—11229), Staphylococcus aureus (ATCC

—51740), Enterococcus faecium (ATCC—19434), and Pseudomonas aeruginosa (ATCC

—27853) were from the University of Tennessee (UT) Food Science Department. The 

culture of Acinetobacter baumannii (ATCC—19606) was purchased from Microbiologics 

(St. Cloud, MN, USA) and provided to us by Dr. Sree Rajeev of the UT Center for 

Veterinary Medicine. Streptococcus pyogenes was a gift from Washington University, 

St. Louis, USA. All bacterial strains were aseptically transferred in TSB and incubated 

for 24 h at 37°C thrice. Bacteria were also streaked for isolation on TSA and isolated 

colonies were transferred to TSB. Mark-tubes made of Quartz glass, 0.1 mm wall thickness 

were purchased from Charlessupper (Westborough, MA, USA). Deionized water was used 

throughout.

Preparation of BMEs

Three BME systems, two of which were WIV and the other being WIII, were prepared at 

room temperature 22 ± 1°C (measured daily). The compositions and conditions, listed in 

Table 1, are based on conditions provided in the literature (de Campo et al., 2004; Liu et 

al., 2009; Yanyu et al., 2012), with salinity scans employed to optimize the AOT/Polysorbate 

85 WIII system. Moreover, optimal conditions produce the most rapid equilibration of the 

WIII system, leading to reduced denaturation of melittin. The systems contained either IPM 

or limonene as oil; two of the systems contained an anionic/nonionic surfactant blend (AOT/

Polysorbate 85) and the other contained only Polysorbate 80 as surfactant. These systems 

were formed by mixing the correct amount of surfactant into the oil phase. When the 

surfactants were fully dissolved, an aqueous solution with or without melittin was added and 

mixed until equilibrated (WIV systems within 1 min; WIII system within 15 min). For the 

WIII system, 1.0 or 2.0 g/Laq aqueous solution was one of the ingredients mixed together 

to form the three-phase system. Composition of the WIII BME phases is given in Table 2. 

For the WIV BMEs, melittin was added in the form of 1.0 or 2.0 g/Laq aqueous solutions, 

with the resultant melittin concentrations for the overall BMEs (g/LBME) given in Table 

3. Aqueous controls employed in the spectroscopic and antimicrobial assay measurements 

consisted of 1.0 and 2.0 g/Laq melittin in aqueous solution containing the same salinity and 

pH of the corresponding BME system’s aqueous subphase, with glycerol included in the 

aqueous controls for the Polysorbate 80 WIV system.

Melittin concentration measurement

Melittin concentration for the bottom phase of AOT/Polysorbate 85 WIII systems formed 

by aqueous solution (per Table 1) containing melittin at specified concentrations was 

determined by a spectrophotometric assay employed previously (Gomez del Rio & Hayes, 

2011). A 50 μl aliquot was removed from the bottom phase of the WIII system and added 

to a microcentrifuge tube followed by 1000 μl of acetone to remove the surfactants. After 
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the mixture was centrifuged, acetone was discarded, and the residual solid was placed in 

an incubator at 30°C until fully dried. The solid was rehydrated with 50 μl of 85 mM 

NaCl solution. Samples were then added to Coomassie Blue reagent in a 1.0 cm pathlength 

cuvette. Spectrophotometric measurements were conducted on a UV-1700 instrument from 

Shimadzu (Kyoto, Japan). Measurements were taken at 595 nm and compared to a 

calibration curve prepared from aqueous solutions of bovine serum albumin (BSA) standards 

of known concentrations from Fisher. The concentration of melittin in the middle, BME 

phase was calculated using volume fractions of the WIII system, measured using a ruler for 

the system after its placement in tall (4 cm) quartz cuvettes of pathlength 1 mm after 72 h of 

equilibration (two replicates). It was assumed that melittin did not partition to the top phase. 

Mass balance was used to determine the percentage of melittin achieved in the middle, BME 

phase.

Circular dichroism spectroscopy

CD measurements were taken at 22°C using a model J-810 spectropolarimeter from JASCO 

(Halifax, NS, Canada) to determine the secondary structure of melittin. Measurements were 

taken for the AOT/Polysorbate 85 WIII system for melittin concentrations of 0.5, 1.0, and 

2.0 g/Laq. Similar to a previous study, a 0.1 mm pathlength cell was used to measure the 

wavelength of the system from 180 to 250 nm at 100 nm/min, with a bandwidth of 1 nm, 

data pitch of 0.5 nm, and 10 accumulations (Hayes et al., 2018). For each BME sample, 40 

μl was extracted from the middle phase of the system and added to the 0.1 mm pathlength 

cell. Data collected for BMEs without melittin was subtracted from the data for BMEs with 

melittin. Two replicates of each sample were averaged and plotted for comparison.

Fluorescence spectroscopy

Fluorescence emission spectra were taken for BMEs and corresponding aqueous phases at 

22°C using a SpectraMax i3 microplate reader from Molecular Devices (San Jose, CA, 

USA). A clear polypropylene 96 well plate was used to measure multiple samples, with 

a 100 μl aliquot of sample loaded into each well. Samples were excited at 285 nm and 

the absorbance was measured across a wavelength of 310–450 nm at 2 nm intervals. 

Each sample was analyzed in triplicate and spectra were averaged. Spectra for melittin 

encapsulated in BMEs were corrected by subtracting the spectra for BMEs without melittin.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) was used to analyze the structure of BMEs in the 

presence and absence of melittin for the systems listed in Table 1. SAXS measurements 

were carried out at 23°C on a Xeuss 3.0 instrument from Xenocs (Santa Barbara, CA, USA) 

equipped with D2+ MetalJet X-ray source (Ga Ka, 9.2 keV, wavelength [λ] = 1.341 Å). The 

instrument measured across a Q range of 0.01 to 0.7 Å−1. A volume of 100 μl of a BME 

sample was added to a 1.5 mm quartz capillary tube and sealed with epoxy resin. The tubes 

were placed vertically in the sample holder and aligned perpendicularly to the directions of 

the x-ray beam in transmission mode. SAXS data was analyzed by fitting the Teubner-Strey 

(T-S) model, commonly used for BMEs, to the main scattering peak (Schubert et al., 1994; 

Schubert & Strey, 1991). The model determines the quasi-periodic repeat distance (d), 

correlation length (ξ), amphiphilicity factor (fa), and the bare bending modulus (κtheor). The 
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parameter fa represents the degree of ordering of the surfactant monolayers. Values below 

~−0.5 represent high ordering, as would be seen in BMEs, while values approaching −1 

are highly ordered, similar to lamellae. Similarly, values of κtheor below ~kBT, where kB 

is Boltzmann’s constant and T is temperature (absolute scale), represent fluid interfacial 

dynamics for surfactant monolayers, while higher values reflect more rigid interfaces. 

Further information on the T-S model and related parameters are provided in the Supporting 

Information. Data analysis was conducted using the software written by staff scientists at 

the National Institute of Standards and Technology (NIST), that uses Igor Pro (v.5.0.4.7, 

WaveMetrics, Lake Oswego, OR) as a platform (Kline, 2006).

Well diffusion assays

Each experiment was conducted at 22 ± 1°C and when incubation was used, the temperature 

was 37°C. Well diffusion assays (Zhang et al., 2009) were conducted under a flame to 

ensure no contamination to the samples. Pipette tips, forceps, and water (control) were 

sterilized in an autoclave (121°C) before use. TSA, TSB, PBS, and MHA were all prepared 

according to the manufacturer’s guidelines. TSA and MHA were prepared weekly in 100 

mm petri dishes. After autoclaving the TSA and MHA, they were allowed to cool for 

15–20 min and a volume of 15 ml was added to each petri dish to ensure uniformity for 

the well diffusion assays. Frozen bacterial cultures were aseptically transferred to TSB and 

incubated for 24 h at 37°C thrice. The TSB cultures were streaked for isolation on TSA and 

isolated colonies were transferred to TSB for use in the antimicrobial assays. Before each 

well diffusion experiment bacteria cultures were aseptically transferred to fresh TSB 24 h in 

advance and incubated at 37°C.

Well diffusion experiments began by washing bacteria cultures. This occurred by 

transferring 1 ml of each TSB bacteria culture to a sterile microcentrifuge tube. Cultures 

were centrifuged for 1 min at 8000 rpm (5 cm radius) until a pellet was formed. The TSB 

was discarded in a waste bag and 2 ml of PBS was added to the bacterial pellet and vortexed 

until completely mixed. MHA plates were prepared by spread plating 0.1 ml of the washed 

bacterial culture, creating a lawn of bacteria over the agar. Wells were bored from the MHA 

using the back of a micropipette tip (5 mm diameter) and removed using sterilized forceps. 

Forceps were dipped in ethanol and flamed between each bacterium. There were seven 

wells created on each plate to allow for three treatments and four controls. The treatments 

were BME without melittin, BME with 1.0 and 2.0 g/Laq melittin. The controls were water, 

gentamicin (5.0 g/L), and 1.0 and 2.0 g/L melittin in aqueous solution. A volume of 60 μl 

was taken from each treatment or control and added to its respectively marked well. Plates 

were allowed to sit for 15 min before placed in an incubator for 24 h. After 24 h, plates 

were removed from the incubator, inverted, and zones of inhibition were measured. Zones of 

inhibition were measured by taking two perpendicular diameter measurements to the nearest 

mm and recorded for each well.

Statistical analysis

For SAXS data, errors for I(Q) were calculated through the instrument software. Errors 

for all data are reported as the average ± standard deviation (95% confidence interval). 

Statistical analysis comparison tests for the antimicrobial activity assays via the Student T 
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test were completed using JMP, Version 16, SAS Institute Inc., Cary, NC. Statistical analyses 

were carried out on the comparison of the Polysorbate 80 WIV system with and without 

melittin to determine if there was a significant difference in the treatments.

RESULTS AND DISCUSSION

Melittin incorporation into BMEs

Multiple BME systems containing biocompatible oils identified from the scientific literature 

were pre-screened for the incorporation of melittin. The most effective and robust systems 

observed from the pre-screening are listed in Table 1 and will be further discussed below. 

Visually, melittin was accepted into the WIV systems without any precipitation or phase 

change. For the AOT/Polysorbate 85 WIII system, the salinity employed in our initial 

experiments was 100 mM NaCl. With the addition of melittin, the system transformed into 

a WI system because the melittin made the surfactants more hydrophilic. A series of trials 

with salinity ranging from 60 to 100 mM NaCl were carried out. At 85 mM NaCl, a WIII 

system was achieved with all three concentrations of melittin tested. Additionally, for the 

AOT/Polysorbate 85 WIII system, lower concentrations of the surfactant were tested. But it 

was determined that 5% total surfactant concentration was optimal to create a WIII system. 

These results completed the objective of successfully encapsulating an AMP into the BMEs.

The partitioning of melittin to the middle, BME phase of the AOT/Polysorbate 85 WIII 

system was determined. Almost 100% of the melittin partitioned to the BME phase for 

each concentration of melittin tested (Table 2). Further, as the concentration of melittin was 

increased, the volume fraction of the BME phase decreased (Table 2 and Figure S2). An 

increase of melittin concentration increased the relative proportions of water in the BMEs 

(Table 2); moreover, as the melittin concentration increased, the volume fraction of the top, 

oil excess phase increased linearly to a much greater extent than the increase of the bottom, 

aqueous excess phase volume fraction (Figure S2). The decrease of BME phase volume 

fraction and strong partitioning of melittin into the WIII BME phase was also observed for 

other WIII systems based on alkane oils; but, in contrast to the current study, the BME phase 

became more apolar with the addition of melittin (Hayes et al., 2018). Because of the strong 

partitioning of melittin to the BME phase and decrease in volume of the BME phase, the 

melittin concentration in the BME phase was within 65%–85% of the initial aqueous phase 

melittin concentration despite the addition of oil (IPM) to water at a 1.2/1.0 vol/vol ratio 

(Table 2).

Conformation and microenvironment of melittin in BMEs

CD data were collected for melittin dissolved in the AOT/Polysorbate 85 WIII system and 

aqueous solutions comparable in concentration and salinity to the BME aqueous subphase. 

CD measurements were also attempted for the WIV systems; however, the signal-to-noise 

ratio for the CD spectra was poor, presumably because of the high absorbance due to the 

higher surfactant concentrations for the WIV systems. CD spectra for melittin at all three 

concentrations in BMEs possessed two minima occurring at 208 and 225 nm, consistent 

with high α-helical content (Figure 1; Wei et al., 2014). Melittin in an aqueous solution also 

had a minimum at 208 nm but not at 225 nm, with its spectra more closely resembling 
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β-sheet secondary structure (Greenfield, 2007). In aqueous solution, melittin exists as 

monomers or tetramers and has low α-helical content (Terwilliger & Eisenberg, 1982). This 

suggests that melittin was in its most active state when encapsulated in BMEs compared 

to the aqueous solution, a result that also observed for melittin residing in BMEs formed 

by alkane-based oils (Hayes et al., 2018), and in water-in-oil microemulsions (w/o-MEs; 

Oehman et al., 1996; Raghuraman & Chattopadhyay, 2003). This supported the hypothesis 

that BMEs serve as a biomembrane mimetic system because melittin was in its most active 

structure, α-helix, when encapsulated in the BME.

Fluorescence emission spectra of melittin in BMEs were collected for all systems listed in 

Table 1 and compared to aqueous solutions of melittin with similar composition and melittin 

concentration. Blue shifts were seen for melittin in the fluorescence emission spectra of 

each of BME system investigated relative to spectra of melittin in corresponding aqueous 

media, signifying that the location of melittin transitions to a more apolar environment when 

encapsulated in a BME compared to an aqueous solution. The blue shift was greater for 

the AOT/Polysorbate 85 WIII system (12 nm for 1.0 and 2.0 g/Laq melittin; Figure 2) than 

for the WIV systems (~4 nm). The results suggest that the melittin was residing within the 

surfactant monolayers of the BME systems, likely driven to this position by electrostatic 

attractive interactions between the positively charged amino acid residues of melittin and 

the sulfonate head group of AOT and hydrophobic interactions between melittin’s apolar 

residues and the surfactant monolayers. Although Polysorbate 80 is uncharged, previous 

studies have shown that ethoxylated surfactants can possess a slightly negative charge 

in MEs (Vasudevan & Wiencek, 1996). Similarly, we found previously that the anionic 

surfactants AOT (in a mixed surfactant system with a cyclic ketal alkyl ethoxylate) and 

SDS induced blue shifts for melittin encapsulated in the WIII BME phase of 31 and 

5 nm, respectively (Hayes et al., 2018). And in w/o-MEs, the maximum absorbance 

was slightly lower than achieved for the AOT/Polysorbate 85 WIII BME (346 nm): 330–

340 nm (Raghuraman & Chattopadhyay, 2003). These results showed that melittin was 

interacting with the surfactant. In addition, the fluorescence intensity of melittin was slightly 

quenched for the WIII BME system. Quenching has also been observed in BMEs and w/o-

microemulsions. The greater degree of quenching for the WIV systems is likely attributable 

to the higher surfactant concentrations, leading to a smaller nanodomain size for the WIV 

systems compared to the WIII BME (described in the next section). Similarly, the extent 

of quenching for melittin increased as the size of w/o-MEs decreased (Raghuraman & 

Chattopadhyay, 2003).

Effect of melittin incorporation on the structure of BMEs

The T-S model fit SAXS curves for all three BME phases reasonably well, demonstrating 

that BMEs likely formed rather than oil-in-water (o/w-) or w/o-microemulsions, which 

exist as spherical nanodroplets (Figure 3). Yet, an additional scattering feature occurred at 

high-Q for all samples, near 0.10–0.12 Å−1. This feature is most evident in Figure 3 for the 

Polysorbate 80 WIV system, due to the position of its main scattering curve being in a higher 

Q range compared to the other two. The secondary scattering at high-Q is more visible 

when the data is replotted in log–log coordinates (Figure S3). This feature does not appear 

to be attributable to multiple coherent scattering (Hayes et al., 2015; Silas & Kaler, 2003) 
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since the secondary scattering peak does not coincide with 2Qmax, where Qmax refers to the 

Q position for the peak of the main scattering curve (Figures S3 and S4). The underlying 

cause of the high-Q feature was not determined. When fitting the SAXS data, a Q range 

was selected for fitting that did not have any contribution from the high-Q scattering peak. 

The fits for the two AOT/Polysorbate 85 systems were good, since the main scattering peaks 

are in the low-Q region. For the Polysorbate 80 WIV system, although the fitting of the 

scattering curve was not as robust, the fit was sufficient to enable further analysis.

Values for parameters derived from the T-S models applied to the data of Figure 3 are given 

in Table 3. For the AOT/Polysorbate 85 systems, values of d and ξ were 400–700 Å and 

100–300 Å, respectively. The values are ~2-fold lower than values previously measured 

for the water/AOT/ cyclic ketal alkyl ethoxylate/heptane system used for encapsulation of 

melittin, likely due to the decreased efficiency of surfactant resulting from poorer solvation 

of surfactant tails by IPM in the current study compared to heptane in the previous study 

(Hayes et al., 2018). Moreover, a ~2-fold higher overall surfactant concentration (5%) was 

needed to form robust WIII systems herein compared to the previous study (2% surfactant). 

As the melittin concentration is increased, both d and ξ decrease, reflecting decreased 

efficiency for the surfactant. This trend is likely due to ion pairing between melittin and 

AOT, a result that we have observed for melittin and other proteins in other WIII systems 

(Hayes et al., 2015, 2017, 2018, 2021). Values for fa for the AOT/Polysorbate 85 WIII 

system were ≤−0.59, suggesting ordered BMEs (Table 3). As the melittin concentration is 

increased, fa increases and κtheor decreases, similar in trend to what was observed for the 

AOT/CK-2,13 WIII system for the same melittin range and indicative of increased interfacial 

fluidity for the surfactant monolayers of the BMEs (Hayes et al., 2018).

For the AOT/Polysorbate WIV system, values of d, ξ, fa and κtheor are significantly lower 

than corresponding values for the WIII system, trends attributable to the higher surfactant 

concentration of the WIV system (Table 1; Schubert et al., 1994; Schubert & Strey, 1991). 

Although melittin has a smaller impact on the structure of BMEs for the WIV systems 

compared to the WIII BMEs, significant changes were observed for both WIV systems. For 

an increase of melittin concentration from 0.0 to 1.0 g/Laq, trends follow those described 

above for the AOT/Polysorbate 85 WIII system (Table 3). However, a further increase of 

melittin concentration from 1.0 to 2.0 g/Laq led to opposing trends. For the BME phase 

of the water/SDS/pentanol/dodecane WIII system, we also observed a similar reversal 

of trends when the melittin concentration was increased for the short- and long-range 

dynamics of BMEs, as measured using quasi-elastic neutron scattering and neutron spin-

echo, respectively (Sharma et al., 2017, 2019). The changes were attributed to a more direct 

interaction of melittin with surfactant head groups and the surfactant monolayer at lower 

melittin concentrations, while at higher concentrations, a saturation of the interface occurred 

and additional melittin resided in aqueous solution near the surfactant interface, where they 

induced Debye shielding (Sharma et al., 2017, 2019).

For the Polysorbate 80 WIV system, a similar trend occurs as is described above for the 

AOT/CK-2,13 WIV system, with 1.0 g/Laq serving as the melittin concentration for which 

trends reverse as one further increases the melittin concentration (Table 3). When observing 

the SAXS data (Figure 3), the scattering curve for 1.0 g/Laq melittin is much flatter than 
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for the other concentrations. The Polysorbate 80 system was slightly less efficient than the 

AOT/Polysorbate 85 WIV system, as observed by the slightly lower values of d and ξ, and 

its surfactant monolayers are slightly more ordered and rigid, as observed by the slightly 

lower fa values and higher κtheor values. In summary, melittin impacts the structure of BMEs 

through their direct interaction with surfactant head groups at the monolayer surface and a 

saturation of melittin at the interface occurs near 1.0 g/Laq.

Analysis of the antimicrobial activity of melittin encapsulated in BMEs

Well diffusion was employed to evaluate inhibition of bacteria commonly encountered in 

chronic wounds and SSIs for the melittin loaded BMEs. The K12 strain of E. coli is found 

in the digestive tract of humans. Other assay methods investigated included disk diffusion, 

dilution and plating, and kinetic bacterial measurements. We found that MHA served as 

the best media option for the diffusion assays based on preliminary experiments. For well 

diffusion with the AOT/Polysorbate 85 systems, microbial inhibition was not observed, 

resulting from the adsorption of AOT to the walls of the well, which prohibited the diffusion 

of melittin and BMEs in the radial direction outward into the media. As a result, the 

antimicrobial activity of the AOT/Polysorbate 85 systems could not be assessed accurately.

The Polysorbate 80 WIV system was successful in diffusing radially outward into the 

media with lawns of bacteria (Figure 4 and Table 4). This system produced zones of 

bacterial inhibition in the presence and absence of melittin, but with the inhibition zones 

being statistically significantly larger for the latter for most of the bacteria examined (p 
< 0.05). This finding supports the idea that melittin increased the effectiveness of the 

BMEs’ ability to inhibit bacterial growth, perhaps as a penetration enhancer. Similarly, the 

encapsulation of the AMP LL-37 in a bicontinuous cubic phase (cubosomes) enhanced the 

AMP’s antimicrobial activity (Gontsarik et al., 2016). The effectiveness of melittin-free, 

or unfilled, BMEs as an inhibitor may be attributable to the presence of limonene, which 

possesses significant antimicrobial activity (Espina et al., 2013). Similarly, the incorporation 

of essential oils such as limonene into w/o- or o/w-MEs has been reported to enhance 

antimicrobial activity compared to controls (Arellano et al., 2021; Han et al., 2021; He et 

al., 2022; Karadağ et al., 2022; Guo et al., 2020). Therefore, limonene and melittin are 

synergistic in their biological activity. In contrast, aqueous solutions of 1.0 or 2.0 g/Laq 

melittin were not effective for inhibition of the tested bacteria (Table 4). BMEs were 

effective as inhibitors but not as effective as gentamicin, the positive control, a commonly 

used antibiotic known to be effective but can also produce side-effects to humans (Chaves & 

Tadi, 2022).

Statistical analysis showed significant differences between treatments between the BME 

with and without melittin for E. coli K12, P. aeruginosa, and S. aureus (p < 0.05; 

Table 4). When a 95% confidence interval was used, A. baumanii, E. faecium, and S. 
pyogenes showed no significant differences in their zones of inhibition when treated with 

the BME with and without melittin. However, there were significant differences when a 

90% confidence interval was applied for S. pyogenes (p = 0.07). Ideally, researchers favor 

using a 95% confidence interval, though occasionally a 90% confidence interval can be used 

for smaller experimental sets. The statistical analysis was conducted on three replications 
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of the treatment on the bacteria. More replications could be done to further conclude the 

significance of the difference in zones of inhibition among the treatments. The differences 

between the 1.0 and 2.0 g/Laq BME treatments were not statistically different. Therefore, 

1.0 g/Laq may be the optimal concentration of melittin to be effective in inhibiting bacterial 

growth when encapsulated in this BME system. The same concentration was observed via 

SAXS to minimize the T-S parameters ξ and d (Table 3), suggesting the structure of melittin 

and BMEs near 1 g/Laq is optimal. Perhaps the successful performance of the Polysorbate 

80 WIV BME system may be related to rapid release kinetics due to the weak electrostatic 

attractive binding of melittin to the surfactant interface compared to the AOT/Polysorbate 85 

systems (per fluorescence analysis, Figure 2). No selectivity was exhibited for the melittin-

loaded BMEs toward either gram-positive or gram-negative microorganisms.

CONCLUSIONS

Melittin, a commonly studied AMP, was successfully encapsulated in BMEs possessing 

biocompatible oils: Water/AOT/Polysorbate 80/IPM through both WIII and WIV systems and 

Water/Polysorbate80/ethanol/glycerol/limonene (WIV). In these systems, melittin resided 

in a more apolar environment than aqueous media, suggesting its localization near the 

surfactant monolayers, and for the WIII system, CD analysis demonstrated that melittin 

was in an active, α-helical-rich, conformation. SAXS analysis also reflected intimate 

interactions between melittin and BMEs’ surfactant monolayers, leading to increased 

interfacial fluidity and lower surfactant efficiency. The Polysorbate 80 WIV system was 

evaluated for antimicrobial activity against several bacteria that are prominent in chronic 

wounds. The BMEs alone possessed significant antimicrobial activity against all bacteria 

tested due to its limonene component. The addition of melittin led to a further enhancement 

of antimicrobial activity against several gram-positive and gram-negative bacteria. An 

optimal melittin concentration of ~1 g/Laq was observed for maximizing the impact on 

BME structure and antimicrobial activity.

This research showed promise in using biocompatible BMEs as a drug delivery platform 

for topical delivery to chronic wounds and SSIs, to deliver AMP and polar and apolar 

drugs. Our results demonstrated the synergy between essential oils and AMPs, with the latter 

perhaps serving the role of a penetration enhancing agent. Further testing and development 

of additional systems is warranted.

Although there was some difficulty encountered when testing BMEs with antimicrobial 

assays, progress was made. A major challenge was that the surfactant AOT strongly 

adsorbed to surfaces within the testing system, which hindered diffusion in and out of 

the BMEs. Additional consideration is needed on the selection of polymeric materials or 

container used for the assays to prevent or at least reduce adsorption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Circular dichroism spectra of melittin solubilized in the bicontinuous microemulsions 

(BME) phase of the AOT/Polysorbate 85 Winsor-III system and in aqueous media 

corresponding to the BME aqueous subphase (22°C). Melittin concentrations for BMEs 

listed in the legend correspond to the aqueous solution employed to prepare BME; overall 

concentrations in the BMEs are listed in Table 2. Minima for α-helices, 208 and 225 nm, are 

indicated in the figures through arrows
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FIGURE 2. 
Fluorescence emission spectra for melittin solubilized in bicontinuous microemulsions 

(BMEs) formed by the (a) AOT/Polysorbate 85 Winsor-III, (b) AOT/Polysorbate 85 Winsor-

IV and (c) Polysorbate 80 Winsor-IV systems and in aqueous media corresponding to the 

BME aqueous subphase of BMEs (22°C). The excitation wavelength was 295 nm. Melittin 

concentrations for BMEs listed in the legend correspond to the aqueous solution employed 

to prepare BME; overall concentrations in the BMEs are listed in Tables 2 and 3 for figure 

(a) and figures (b) and (c), respectively. The aqueous solutions of Figure 3c include the 

presence of glycerol
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FIGURE 3. 
SAXS data for bicontinuous microemulsions (BMEs) as a function of the melittin 

concentration in the aqueous phase at 22°C. Curves represent the fit of the Teubner-Strey 

model to the main scattering peak. A scaler (in cm−1) was added to the scattering data to 

improve visualization: Figure (a): 7 and 3 for 0.0 and 1.0 g/Laq melittin, respectively; Figure 

(b): 0.2 and 0.1 for 0.0 and 1.0 g/Laq, respectively; Figure (c) 0.04, 0.15, 0.18 and 0.22 

for 0.5, 1.0, 1.5, and 2.0 g/Laq, respectively. Melittin concentrations for BMEs listed in the 

legend correspond to the aqueous solution employed to prepare BME; overall concentrations 

in the BMEs are listed in Tables 2 and 3 for Figure (a) and Figures (b) and (c), respectively
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FIGURE 4. 
Well diffusion assay against Acinetobacter baumannii using melittin encapsulated in 

Polysorbate Winsor-IV systems or corresponding aqueous solutions at 22°C, with the 

melittin concentration (referring to the volume of the bicontinuous microemulsions aqueous 

subphase) given in the labels. G and W refers to gentamicin (positive control) and water 

(negative control), respectively. Wells are 5 mm in diameter
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