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1. Introduction 

Surface active agents or surfactants have for decades played 

important roles in various biomedical fields including 

pharmaceutical and vaccine formulation, drug delivery, 

dermatology, and the cosmetics personal care industry among 

others [1]. However, the steadily growing demand for 

biocompatibility, biodegradability, and sustainability prompted 

the prioritization of eco-friendly surfactants for diverse 

applications. In this context, greener microbially derived 

surfactants known as biosurfactants are foreseen as the next-

generation lower ecological impact surfactants. Biosurfactants 

are classified as glycolipids, lipopeptides, fatty acids, 

phospholipids, neutral lipids, and polymeric and particulate 

types exhibiting several advantages over petroleum-derived 

surfactants. These include greater surface activity, stability, 

biocompatibility, biodegradability, and bioactivity in addition to 

lower toxicity [2].  

A key property of biosurfactants as surface-active agents is their 

ability to self-assemble into core–shell nanostructures, featuring 

an inner hydrophobic core that can effectively encapsulate 

water-insoluble or labile drugs. This enhances the solubility, 

stability, and bioactivity of the incorporated compounds, while 

also enabling controlled release [3-5]. These advantages have 

driven interest in biosurfactants as eco-friendly alternatives to 
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synthetic surfactants in pharmaceutical, drug delivery, 

healthcare, and detergent applications [6; 7]. Moreover, many 

biosurfactants exhibit intrinsic drug-like activities with potential 

therapeutic benefits [8-10].  

Among lipopeptide biosurfactants, surfactin (SF) has gained 

significant attention as a multifunctional agent. Structurally, SF 

consists of a cyclic heptapeptide containing five lipophilic amino 

acids and two hydrophilic residues—glutamic acid and aspartic 

acid—linked to a hydrophobic β-hydroxy fatty acid chain 

(Figure 1A). According to the literature, SF exhibits a wide range 

of intrinsic bioactivities, including antimicrobial, anti-

inflammatory [10; 11], and anticancer effects [12]. It may 

function not only as a primary anticancer agent [13] but also as 

a bioactive pharmaceutical excipient that enhances the 

therapeutic efficacy of co-delivered drugs [14; 15]. Moreover, 

SF-based self-assembled nanoparticles (NPs) are characterized 

by high surface activity, biodegradability, and favorable safety 

profiles, making them promising nanocarriers for intracellular 

drug delivery. Notably, SF NPs have been explored for 

enhancing the bioavailability and cytotoxicity of anticancer 

drugs such as doxorubicin and bleomycin [16; 17]. More 

recently, modified SF nanomicelles have emerged as a novel 

platform for targeted drug delivery in cancer therapy [18; 19]. 

Despite the expanding body of evidence supporting the 

pharmaceutical applications of SF, further research is needed to 

fully explore its potential as a bioactive, micelle-forming agent 

in drug delivery applications. In this study, we investigate the 

nanomicellar encapsulation capabilities of SF using a 

hydrophobic, microbially derived bioactive pigment, prodigiosin 

(PG) (Figure 1B). The pigment is primarily produced by the 

Gram-negative bacterium Serratia marcescens [20] and is 

distinguished by its pyrrolyl pyrromethene core and deep blood-

red coloration. The choice of PG is driven by the growing 

interest in bacterial pigments as sustainable, naturally derived 

anticancer agents, which have demonstrated efficacy against 

various cancer types with minimal or no toxicity to normal cells 

[21].   

Prodigiosin is a fascinating multifunctional bioactive molecule 

exhibiting antibacterial, anticancer, anti-inflammatory, and 

antioxidant activities [22; 23]. As an antibacterial agent, PG acts 

principally by damaging the bacterial cell membrane and 

suppressing biofilm-derived antimicrobial resistance [24]. On 

the other hand, mechanisms of PG anticancer activity include 

mainly induction of cell cycle arrest, mitochondrial-mediated 

apoptosis, DNA cleavage and immunomodulation of the tumor 

microenvironment [22; 25]. In addition, PG inhibits the 

transforming growth factor beta (TGF-β) signaling [26] and 

regulates cancer metabolism [27]. We have demonstrated earlier 

the anticancer efficacy of PG against caco-2, breast cancer, and 

colorectal cancer cells [28-30].  

In spite of such auspicious benefits, biomedical applications of 

PG have been limited by its high hydrophobicity and insolubility 

in aqueous media, a formulation problem that has been 

successfully addressed using a drug delivery approach. In this 

context, polymeric carriers [29; 31], liposomes [32; 33], metal 

NPs [34; 35], halloysite [36], and more recently probiotics as 

emerging bio-targeted drug carriers [28; 30] have been reported 

as a promising approach for PG delivery and bioactivity 

enhancement.  

The present study aimed to combine PG and SF in an innovative 

sustainable nanobiotechnology-based formulation based on the 

entrapment of PG into surfactin self-assembled nanomicelles 

(nSF) forming a PG/SF nanomicellar formulation (nPG/SF) for 

potential biomedical applications. The study includes the 

preparation and comprehensive physicochemical and biological 

characterization of nPG/SF as a potential nanoformulation 

integrating the distinct properties and functionalities of its PG 

and nSF components.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Chemical structure of: (A) Surfactin and (B) prodigiosin. 
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2. Materials and methods 

2.1. Materials 

The following materials were used in this study: SurfPro™ 

surfactin (Lotioncrafter, USA), potassium phosphate monobasic 

(extra pure, Alpha Chemica, India), yeast extract (Lab M, UK), 

sodium hydroxide, tryptone, and glacial acetic acid (99.5% extra 

pure), Loba Chemie Pvt Ltd, India). Hydrochloric acid was 

obtained from Pioneers for Chemicals (Piochem, Egypt), while 

petroleum ether (60–80°C) and Tween 80 were sourced from 

ADWIC, Egypt. Methanol (HPLC grade, 99.8%) was purchased 

from Fisher Scientific, UK, and ethyl alcohol from the 

International Company for Supplies & Medical Industries, 

Egypt. Additionally, ammonium acetate (WINLAB, India), 

dimethyl sulfoxide (Riedel-de Haën, Germany), Dulbecco's 

Modified Eagle's Medium (Gibco, Fisher Scientific, UK), and 

dialysis bags (Visking® 36/32, 24 mm, MWCO12000-14000, 

Serva, USA) were utilized. All other reagents and chemicals 

used were of analytical grade. The bacterial strain for prodigiosin 

biosynthesis, Serratia marcescens, was obtained from the 

culture collection of the Microbial Biotechnology Laboratory, 

Biotechnology Department, Institute of Graduate Studies and 

Research, Alexandria University. 

2.2. Production and characterization of prodigiosin 

The PG red pigment was produced from Serratia 

marcescens (S. marcescens) using a peanut powder-based 

production medium as reported [20]. The pigment was extracted 

from broth using a petroleum ether and ethanol mixture in a 1:2 

(v/v) ratio in a separating funnel. The crude PG precipitate was 

re-dissolved in 5 mL methanol and the medium was neutralized 

with 1N HCl. This was followed by complete solid-phase 

extraction and drying of PG in an oven at 37oC till almost 

complete solvent evaporation and the powdered PG was kept at 

-20oC protected from light.  

2.3. Characterization of prodigiosin 

 The obtained PG was characterized by ultraviolet-visible 

(UV-Vis) spectrophotometry, Fourier transform infrared 

spectroscopy (FTIR), and liquid chromatography-tandem mass 

spectrometry (LC-MS-MS). The UV-Vis absorption spectrum of 

a methanolic PG solution was recorded within the wavelength 

range of 400 to 600 nm against methanol as blank using a single-

beam UV-Vis spectrophotometer (Helios Alpha, Germany). A 

calibration curve was constructed at the determined λmax (538 

nm) using a PG methanolic solution of 150-450 μg/mL. The 

FTIR spectrum of the obtained PG was recorded using the KBr 

pellet method and a Perkin Elmer FTIR spectrometer, Spectrum 

BX, USA) within the wavenumber range of 4500-450 cm-1.  

For LC-MS-MS analysis, PG was dissolved in methanol and 

analyzed using HPLC-MS\MS Sciex QTRAP 5500 according to 

a reported method with slight modification regarding solvent 

ratio and column size [37]. An Eclipse XDB-C18 reverse phase 

column (4.6 x 100 mm x 3.5 µm) was used with 0% to 100% 

linear solvent gradient over 45 min. The eluting solvent 

consisted of an aqueous phase consisting of distilled water (DW) 

containing 0.2% acetic acid and an organic phase (methanol / 

0.2% acetic acid). PG was detected by electrospray ionization 

mass spectrometry (ESI-MS). High-resolution ESI-MS spectra 

were recorded in the m/z range of 50–600 in the positive ion 

mode [38]. 

2.4. Preparation of prodigiosin / surfactin 

nanomicelles 

           A preliminary study was undertaken to determine the 

solubility of PG in SF solution. This was achieved by vortex 

mixing of an excess amount of PG with SF solutions of 

increasing concentration in deionized water for 10 min at 

ambient temperature (~25°C) under the exclusion of light 

followed by equilibration for one hour. The undissolved PG was 

separated by centrifugation and the solubilized PG was 

quantified by UV-Vis spectrophotometry at λmax 538 nm, using 

a linear regression equation.  

Based on the solubility data, the prodigiosin/surfactin 

nanomicelles (nPG/SF) were obtained by a two-step method. 

Firstly, blank SF nanomicelles (nSF) were formed by sonicating 

an aqueous SF solution (1mg/ml) for 10 min. The second step 

involved the incorporation of PG into nSF by sonicating 30 mg 

of PG with 10 mL of the nSF dispersion for 30 min at 50oC [39].  

Unentrapped PG was separated as insoluble particles by 

filtration using omit the Whatman filter paper. The filtered 

nPG/SF dispersion was stored at 4°C pending characterization.  

2.5. Characterization of prodigiosin / surfactin 

nanomicelles 

2.5.1. Morphology by transmission electron microscopy 

(TEM)  

    The morphology of nPG/SF in comparison with blank nSF 

was examined by TEM using JSM-1400 PLUS Transmission 
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Electron Microscope. The dispersions were diluted 30-fold with 

DW after filtration through Whatman No. 1 filter paper and the 

diluted samples were sonicated for 5 min. One drop of the 

dispersion was placed on copper grids and the sample was 

negatively stained using a 70% uranyl acetate solution for 30s, 

followed by air drying. The images were captured at 50000x 

magnification power and 80 kV.  

2.5.2. Colloidal properties 

The colloidal properties of nPG/SF in comparison with nSF 

were measured in triplicate using the Malvern Zetasizer Nano 

ZS90. The ZP measurements were carried out in DW at 25°C, 

using a cell voltage of 150 V and a current of 5 mA.   

2.5.3. Entrapment efficiency 

The PG content of nanomicelles was quantified using UV-

Vis spectrophotometry. A 100 µL sample of the PG/SF micellar 

dispersion was dissolved in HPLC-grade methanol. The amount 

of PG in a 20-fold diluted methanol solution was then 

determined at λmax 538 nm using a preconstructed calibration 

curve. The PG entrapment efficiency (EE%) was calculated 

using the following equation [40]:    

EE% = 
PG content (mg)

Initial PG amount (mg)
 x 100    (1) 

2.5.4. Stability study  

The chemical stability of PG in nPG/SF was examined at 

4°C using a PG methanolic solution (1 mg/mL) as a control. The 

PG content in the test samples was analyzed by UV-Vis 

spectrophotometry at λmax 538 nm at different time intervals (0, 

1, 2, 3, 4, 5, and 6 days). The physical stability of freshly 

prepared nPG/SF and nPG/SF stored at 4oC for 14 days away 

from light was also examined by digital photography.  

2.5.5. Release study  

The release of PG from nPG-SF was determined in 

phosphate buffer saline (PBS, pH 7.4) containing 1% Tween 80 

(PBS / 1% Tween 80) using a dialysis method [29]. Presoaked 

dialysis bags (MWCO12000-14000) were filled with 0.5 mL of 

nPG-SF dispersion (800 µg/mL) and placed in 5 mL of the 

release medium. The systems were shaken in a thermostatically 

controlled shaking water bath at 100 rpm and 37°C. At specified 

time intervals (0, 1, 6, and 24 h), 1 mL of the release medium 

was withdrawn, replaced with fresh medium adjusted at 37oC, 

and analyzed spectrophotometrically at λmax 535 nm using the 

release medium as blank. The study was conducted in triplicate. 

Additionally, change in the release medium color as a result of 

possible PG release was monitored by digital photography at all 

sampling times. 

2.6. Biological activity studies 

These were conducted after obtaining the ethical 

approval of the Ethics Committee of the Faculty of 

Pharmacy, Alexandria University, Alexandria, Egypt (AU 

06–2022-12-11-3-13). 

2.6.1. Hemolytic activity of surfactin (SF) 

The in vitro hemolytic activity of SF was assessed using 

fresh human blood [41]. In brief, a 2 mL-blood sample was 

obtained from a healthy young female volunteer under medical 

supervision after obtaining her informed consent and mixed with 

ethylenediamine tetra-acetic acid (EDTA), then centrifuged at 

2500 rpm for 10 min. The resulting red blood cells (RBCs) were 

washed three times with PBS pH 7.4 and diluted to a 50% 

suspension using the same buffer. A 50 µL-sample of the RBCs 

suspension was added to 950 µL of SF solution in DW to achieve 

final SF concentrations ranging from 5 to 1000 µg/mL. Triton X-

100 solutions 0.1% v/v in DW and PBS were used as the positive 

and negative controls, respectively. All samples were incubated 

in a shaking water bath at 200 rpm and 37°C for 30 min. Intact 

erythrocytes were subsequently isolated by centrifugation at 

10000 rpm for 5 min and the absorbance (A) of the supernatant 

was measured at 540 nm. The percentage hemolysis was 

calculated using the following equation: 

% 𝐇𝐞𝐦𝐨𝐥𝐲𝐬𝐢𝐬 =  
𝐀𝐒𝐚𝐦𝐩𝐥𝐞−𝐀𝐍𝐞𝐠𝐚𝐭𝐢𝐯𝐞 𝐜𝐨𝐧𝐭𝐫𝐨𝐥 

𝐀𝐏𝐨𝐬𝐢𝐭𝐢𝐯𝐞 𝐜𝐨𝐧𝐭𝐫𝐨𝐥 − 𝐀𝐍𝐞𝐠𝐚𝐭𝐢𝐯𝐞 𝐜𝐨𝐧𝐭𝐫𝐨𝐥
 × 𝟏𝟎𝟎  (2) 

2.6.2. Antibacterial activity of prodigiosin/surfactin 

nanomicelles (nPG/SF)  

The antibacterial activity of nPG/SF dispersion in 

comparison with its free PG and nSF component as solutions in 

10% methanol and DW, respectively was assessed against the 

Gram- positive Staphylococcus aureus (ATCC 29213) and the 

Gram-negative Pseudomonas aeruginosa clinical isolate using 

the agar well-diffusion method [42]. The concentration of all 

samples was kept at 2mg/mL. Briefly, 40 mL of melted Luria 

Bertani-agar medium (tryptone 10 g/ L, yeast extract 5 g/L, NaCl 

10 g/L, and agar 20g/L, pH 7.0) was poured after cooling to 55 

°C into a sterile Petri dish (9 cm in diameter). After agar 

solidification, 50 µL of 0.5 McFarland bacterial suspension 

(1.5*108 CFU/mL) was spread on the surface of the agar plates 
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using sterile cotton swabs. Five wells were punched aseptically 

in the inoculated plates using an inverted sterile blue tip (8 mm 

in diameter). A 100 µL aliquot of each test sample (PG, SF, and 

nPG/SF) was added separately to the wells. The fourth and fifth 

wells were inoculated with 10% methanol as a negative control 

for free PG. The inoculated plates were incubated statically at 37 

°C for 24 h. All treatments were conducted in triplicate.  

2.6.3. Cytotoxic activity of prodigiosin/surfactin 

nanomicelles (nPG/SF) 

 The cytotoxic activity of nPG/SF in comparison with PG, 

SF, and nSF at various concentrations was assessed using the 

human breast adenocarcinoma cell lines MCF-7 and MDA-MB-

231. The cells were exposed to the test materials for 48 h at 37°C. 

The concentration range for PG and nPG/SF was 3.12 - 100 

µg/mL while it was 1-40 µg/mL for SF and nSF. Cell viability 

was assessed in triplicate using DMSO 1% solution as a control 

and the MTT assay as reported [43]. Absorbance was measured 

at 570 nm using a microplate reader (Model 550, Bio-Rad, USA). 

The half-maximal inhibitory concentration (IC50) values were 

determined using Origin 8.0 software from Origin Lab, 

Northampton, MA. Dose-response curves were generated after 

correcting for background absorbance from the controls. The % 

cell viability was calculated in triplicate relative to the untreated 

control cells as follows: 

% 𝐂𝐞𝐥𝐥 𝐯𝐢𝐚𝐛𝐢𝐥𝐢𝐭𝐲 =  
𝐀

𝐀𝐜
 × 𝟏𝟎𝟎            (3) 

Where A is the absorbance of treated wells, and Ac is the 

absorbance of control wells. The median inhibitory 

concentrations (IC50) were determined using CompuSyn 

software (CompuSyn, Inc., version 1) according to the Chou-

Talalay method [44], which is used to calculate the dose 

reduction index (DRI). 

2.7. Statistical analysis 

The mean ± standard deviation (SD) for at least three 

measurements of colloidal properties, entrapment efficiency, 

antibacterial activity, and cytotoxicity studies was obtained 

using Minitab ver. 17 software. The IC50 values were determined 

through non-linear regression analysis of cell viability data. A 

two-way analysis of variance (ANOVA) was performed using 

GraphPad Prism 10, followed by Dunnett's test to compare 

differences across multiple groups. An unpaired t-test was used 

to estimate the statistical significance of the differences in the 

antibacterial study. A significance level of p < 0.05 was 

considered indicative of statistical significance. 

3. Results and discussion  

3.1. Production and characteristics of prodigiosin 

The initial yield of crude PG produced by S. marcescens 

using 500 mL of production medium was approximately 1.0 g 

after liquid-liquid extraction using a separating funnel (Figure 

2A).  However, the final yield was reduced after further 

purification via solid-phase extraction followed by drying at 

45°C for 2 days in the oven resulting in a final yield of 50 mg. 

The prepared PG was dissolved in methanol (Figure 2B) and the 

solution was kept at -20°C away from light for further use. 

The prepared PG was characterized by UV-Vis 

spectrophotometry, FTIR, and LC-MS-MS (Figure 3 A-C). 

Scanning of a PG methanolic solution in the UV-Vis wavelength 

range of λ 200 to 800 nm (Figure 3A) revealed a single sharp 

peak at 538 nm close to the λmax reported for PG [45]. 

The FTIR spectrum of PG (Figure 3B) showed the fingerprint 

region of PG characterized by peaks at 1173.4 cm-1 and 722.3 

cm-1 due to the C-O group and C=C group, respectively. A 

characteristic band at 3393.1 cm-1 was assigned to the amine 

group N-H. Other characteristic bands of the methylene groups 

appeared at 2922.73 cm-1, 2853.48 cm-1, and 1446.3 cm-1. The 

C=O peak and the O-H bending peak appeared at 1742 cm-1 and 

1376.8 cm-1, respectively. In general, the FTIR spectrum of PG 

was in line with reported spectra [45; 46].  

 

 

Figure 2. Extraction of prodigiosin produced by Serratia 

marcescens: (A) Liquid-liquid extraction of crude prodigiosin 

using petroleum ether/ethanol; (B) Purified prodigiosin 

dissolved in methanol after solid phase extraction. 
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Figure 3. Spectral characteristics of prodigiosin produced by Serratia marcescens: (A) UV-Vis spectrum in methanol; 

(B) FTIR spectrum and (C) LC-MS-MS spectrum. 
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As shown in Figure 3C, mass spectrometry analysis indicated 

that the mass-to-charge ratio (m/z) of PG was 324.2 and its MW 

324 Da in agreement with reported data [37]. Accordingly, UV-

Vis spectrophotometry (λmax 538 nm), the functional groups 

identified by FTIR analysis and mass spectrometry data verified 

distinctive characteristics of PG. 

3.2. Prodigiosin / surfactin nanomicelles (nPG/SF) 

Prodigiosin is known to be insoluble in water. In the present 

study, PG solubility was increased progressively in SF solutions 

of increasing concentration up to 2.5 mg/mL in a SF solution of 

1mg/mL at ambient temperature (25oC). This solution 

concentration exceeded SF critical micelle concentration (CMC) 

reported to be 21 µg/mL approximately [19], achieving micellar 

entrapment of PG. Because of its surface activity, SF tends to 

form nanomicellar structures and larger aggregates in aqueous 

media [47]. The formation of spherical core-shell micelles with 

a protruding shell consisting of the two hydrophilic glutamic and 

aspartic acid residues (Figure 1A) supported by the heptapeptide 

ring has been documented [48]. Various nanomicellar systems of 

SF were shown to incorporate hydrophobic drug molecules like 

itraconazole [4] and ibudilast [5] as well as phospholipids [49].  

The aqueous dispersion of PG in SF nanomicelles may provide 

an alternative to the pigment solution in organic solvents 

required as a colorant in some applications.  

In the present study, nPG/SF was prepared using a two-step 

method involving the preparation of blank nSF by vortex mixing 

[50] followed by incorporation of PG in the preformed SF 

micelles (nSF) by sonication for 30 min at 50oC.  Whatman 0.2 

µm filter paper was used to separate undissolved PG to avoid the 

sorption of PG by membrane filters. 

3.3. Characteristics of prodigiosin/surfactin 

nanomicelles (nPG/SF) 

3.3.1. Morphology by transmission electron 

microscopy (TEM) 

 As depicted in Figure 4, TEM imaging indicated self-

assembly of blank nSF (Figure 4A) and nPG/SF (Figure 4B) in 

DW into spherical non-aggregated self-assemblies in the nano-

size range of 60 to 100 nm.  

3.3.2. Colloidal properties 

 Values for the particle size, polydispersity index (PDI), and 

zeta potential obtained by DLS for nSF and nPG/SF are shown 

in Table 1. Data generally indicated favorable colloidal 

properties. The mean diameter of nSF (172.65 ± 59.25 nm) was 

not considerably affected by PG loading into the nanomicelles, a 

common observation reported for hydrophobic drug-loaded 

nano-self-assemblies where the drug is typically located within 

their hydrophobic core rather than deposited on the hydrophilic 

surface [19]. Values for PDI indicated moderate polydispersity 

in both formulations. Monodispersity is indicated by PDI values 

below 0.05 while values exceeding 0.7 suggest high 

polydispersity [51]. It is worth noting that using sonication or 

heat during nanomicelle formation may lead to a relatively large 

micelle size distribution [52; 53]. It was observed that the 

nanomicelle size determined by DLS was larger than that 

indicated by TEM, a discrepancy attributed to the hydration of 

nanostructures and the inclusion of agglomerates and aggregates 

in particle size analysis by DLS [54]. 

 

 

 

 

 

 

 

 

Figure 4. TEM images of (A) Blank surfactin nanomicelles (nSF) and (B) surfactin/prodigiosin nanomicelles (nPG/SF). 
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Table 1. Colloidal properties of blank surfactin nanomicelles (nSF) and prodigiosin/surfactin nanomicelles (nPG/SF). 

Nanomicelles Particle size, nm PDI Zeta potential (ζ), mv 

nSF 172.65 ± 59.25 0.65± 0.23 -25.8 ± 1.65 

nPG/SF 227.45 ± 18.95 0.59 ± 0.1 -27.1 ± 0.97 

According to ζ-zeta potential values, both nSF and nPG/SF 

displayed a negative surface charge which can be explained by 

the anionic nature of the SF structure incorporating two acidic 

amino acids (Figure 1A).  The magnitude of ζ-potential values 

suggests physical stability of the nanomicelles. A ζ-potential of 

30 mV is considered sufficient for the effective stabilization of 

nanodispersions via electrostatic repulsion [55]. Moreover, the 

incorporation of PG into nSF did not noticeably alter the surface 

charge as evidenced by the similarity of ζ-potential values, 

supporting the distribution of PG molecules within the micellar 

core [56].  

3.3.3. Entrapment efficiency (EE%) 

Incorporation of PG in a 1 mg/mL dispersion of nSF by 

sonication at 50oC for 30 min resulted in 98.33±1.67 % 

entrapment (Equation 1), verifying micellar solubilization of the 

pigment. Such a relatively high EE% can be attributed to the 

ready incorporation of the hydrophobic PG into the hydrophobic 

core of SF micelles, enhanced by sonication at elevated 

temperatures. Thermal agitation of surfactant solutions induces 

the formation of a larger micellar space by surfactants increasing 

drug incorporation [57]. Additionally, increased solubilization of 

hydrophobic molecules into SF micelles tends to reduce the 

micropolarity of the micellar core, promoting further micellar 

entrapment [58]. 

3.4. Stability study  

 Prodigiosin (PG) is known to be sensitive to light and 

temperature [59] which limits its practical applications. 

Therefore, this study aimed to evaluate whether encapsulating 

PG within nSF could enhance its chemical and physical stability 

under controlled conditions (4 °C, protected from light; Figure 

5A–C). As shown in Figure 5A, the chemical stability of free 

PG, assessed using a methanolic solution as control, showed a 

marked and progressive degradation, with PG concentration 

declining to negligible levels by day 6. In contrast, PG 

encapsulated in nSF retained its chemical integrity throughout 

the 6-day study period. Assessment of physical stability under 

the same conditions by digital imaging indicated that the nPG/SF 

dispersion (Figure 5B) maintained its physical stability with no 

signs of phase separation for up to 14 days (Figure 5C). Such 

findings are of importance regarding the storage and use of 

nPG/SF in different applications. 

3.5. Release study 

Monitoring of PG release from nPG/SF at 37°C in PBS /1% 

Tween 80 at 100 rpm by UV-vis spectrophotometry using a 

dialysis method indicated a lack of PG release as the 

spectrophotometric absorbance readings of the undiluted 

samples were negligible over the 24 h-study period. This 

observation was further supported by digital imaging, which 

showed no visible coloration in the release medium at any time 

point, in contrast to the distinct red color of the original nPG/SF 

dispersion prior to dialysis bag loading (Figure 5D). The absence 

of PG release is likely attributable to its strong solubilization 

within the SF nanomicelles and its high hydrophobicity (log 

Poctanol-water = 5.16), which limits its partitioning into the aqueous 

release medium under the given conditions. These findings are 

consistent with previous studies reporting similarly poor PG 

release from various carrier systems in aqueous environments 

[28; 30; 60], including PBS with 3% Tween 80 [29].  

To summarize, physicochemical characterization data indicated 

the formation of spherical nPG/SF with a relatively small mean 

diameter (227 ± 18.95 nm), moderate PDI (0.56 ± 0.1), negative 

surface charge (-27.1 ± 0.97), and high EE (98% approximately). 

The nPG/SF can be stored in the refrigerator protected from light 

for up to 14 days. Accordingly, the nPG/SF nanostructure offers 

promise as a nanobiotechnological formulation integrating the 

properties and functionalities of both PG and SF for biomedical 

applications. This justified undertaking biological activity 

studies. 
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Figure 5. Stability and release properties of nPG/SF nanomicelles. (A) Chemical stability of PG in nSF dispersion in comparison to a 

methanolic solution at 4oC protected from light; (B and C) Physical stability of nPG/SF nanomicelles: (B) Freshly prepared and (C) 

following storage at 4oC for 14 days protected from light. (D) Digital photographs of the nPG/SF nanomicellar dispersion and samples 

of the release medium at different time points using a dialysis method and PBS pH 7.4 / 1% Tween 80 as release medium at 37oC and 

100 rpm.   

3.6. Biological activity  

3.6.1. Hemolytic activity of surfactin 

In addition to its exceptional surface activity-related 

physicochemical properties [6, 61], SF exhibits various 

bioactivities linked to its amphiphilic nature primarily through 

interactions with cellular membranes, including those of red 

blood cells (RBCs) [62]. Given the relevance of SF's hemolytic 

activity in drug delivery applications—especially those 

involving systemic administration or direct blood contact—it 

was essential to identify the concentration range at which SF 

induces hemolysis. However, as the intense red coloration of PG 

interferes with hemoglobin absorbance measurements at λmax of 

540 nm, hemolytic activity could not be accurately assessed for 

the nPG/SF formulation, in order to avoid spectral interference 

and ensure valid results. 

The hemolytic activity of SF against human red blood cells 

(RBCs) was evaluated across a concentration range of 5 to 

1000 µg/mL and expressed as percent hemolysis, calculated 

using Equation 2. Phosphate-buffered saline (PBS) and 0.1% v/v 

Triton X-100 in distilled water served as negative and positive 

controls, respectively. As shown in Figure 6A, SF induced 

concentration-dependent hemolysis, with a noticeable onset at 

approximately 20 µg/mL, coinciding with its critical micelle 

concentration (CMC) [19]. In contrast, the negative control 

induced no hemolysis, while the positive control caused 

complete (100%) hemolysis (Figure 6B). Visual observations 

were corroborated by quantitative measurements of hemoglobin 

release, determined spectrophotometrically at λmax = 540 nm 

(Figure 6C).   

The results showed that SF induced nearly 100% hemolysis at 

concentrations of 300 µg/mL and above. This pronounced 

hemolytic activity represents a significant safety concern, 

particularly for parenteral drug delivery applications. To address 

this limitation and improve hemocompatibility, various 

strategies have been explored, including chemical modification 

of SF to generate linear analogs [62] and structural adjustments 

aimed at shortening and reducing the hydrophobicity of the β-

hydroxy fatty acid chain [61]. Such modifications hold promise 

for expanding the pharmaceutical and biotechnological utility of 

SF-based formulations. 

3.6.2. Antibacterial activity of prodigiosin/surfactin 

nanomicelles  

The antibacterial activity of the nPG/SF nanoformulation 

was evaluated in comparison to its individual components, PG 

and SF, each at a concentration of 2 mg/mL, against S. aureus 

and P. aeruginosa. The results, expressed as inhibition zone 

diameters, are presented in Figure 7. For S. aureus, neither the 

10% methanol control nor the nSF formulation alone exhibited 

antibacterial activity at the tested concentration. In contrast, PG 

in 10% methanol produced a measurable inhibition zone of 

1.15 ± 0.0298 cm, confirming its antibacterial effect. Previous 

studies have attributed PG's antibacterial action to its ability to 
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disrupt S. aureus cell wall and membrane integrity, as well as to 

inhibit biofilm formation [63]. Notably, the nPG/SF 

nanoformulation produced a modest but statistically significant 

increase in the inhibition zone diameter (1.33 ± 0.033 cm; 

P < 0.05), indicating enhanced antibacterial activity relative to 

PG alone. This improvement may be attributed to the 

nanomicellar formulation facilitating more effective interactions 

between the nanocarrier and the bacterial membrane, despite the 

limited release of PG from the micelles, as demonstrated in 

Figure 5D.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Lysis of human RBCs following incubation with SF in a shaking water bath at 200 rpm and 37°C for 30 min: (A) Induction 

of hemolysis by surfactin in increasing concentration relative to (B) Triton-X 100 and PBS as positive and negative control, 

respectively and (C) % hemolysis induced by SF determined by UV-vis spectrophotometry of released hemoglobin at λmax 540 nm.  

Figure 7. Antibacterial activity of prodigiosin /surfactin nanomicelles (nPG/SF) in comparison with PG solution in 10% methanol 

and blank surfactin nanomicelles (nSF), all at 2mg/mL concentration against S. aureus and P. aeruginosa using 10% methanol 

solution as control and the agar diffusion method. 
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In the case of the P. aeruginosa clinical isolate, no inhibition 

zones were observed around the wells containing the control or 

any of the test samples under the study conditions (Figure 7), 

indicating a lack of direct antibacterial activity at the tested 

concentration. However, PG appeared to slightly suppress the 

characteristic green coloration of the culture medium, which 

results from the synthesis of pyocyanin (blue) and fluorescein 

(yellow) pigments by P. aeruginosa [64]. This pigment-

suppressing effect was notably enhanced by the nPG/SF 

nanoformulation. Given that pyocyanin has been shown to 

contribute to virulence and the development of antibiotic 

resistance in P. aeruginosa by upregulating various pathogenic 

factors [65], these findings suggest an alternative mode of action 

for PG. Previous studies have reported that PG can inhibit 

bacterial virulence factors such as hemolysins, exotoxins, and 

proteolytic enzymes without necessarily affecting bacterial 

viability [66]. The enhanced effect observed with nPG/SF may 

be due to improved cellular interactions or increased 

bioavailability of PG in its nanoform, which may allow for more 

effective suppression of virulence mechanisms. These findings 

highlight the potential of nPG/SF as a multifunctional 

antimicrobial formulation capable of impairing bacterial 

pathogenicity and resistance development, even in the absence 

of bactericidal activity. 

3.6.3. Cytotoxicity of PG/SF nanomicelles and their 

components 

The cytotoxicity of nPG/SF in comparison with its PG and 

nSF components nanomicelles was assessed using human breast 

adenocarcinoma MDA-MB-231 (MDA) and MCF-7 cell lines 

and the MTT assay.  These cell lines are well established to 

model resistant and easier to treat breast cancer, respectively 

[67]. Data for cytotoxicity (Figure 8) expressed as % cell 

viability calculated using Equation 3 indicated that all test 

samples reduced the viability of both MCF-7 and MDA cells to 

less than 50%. 

Cell viability results expressed as IC50 values for MCF-7 and 

MDA-MB-231 cell lines are listed in Table 2.  Statistical analysis 

was carried out using two-way ANOVA by GraphPad Prism 10 

(n=3). It could also be observed that all samples were more 

active against MCF-7 than MDA cells. 

Assessment of cytotoxicity revealed that PG exhibited 

significantly greater potency than SF (p < 0.05), as reflected by 

lower IC₅₀ values against both breast cancer cell lines (Table 2). 

Both compounds are known for their anticancer properties; 

however, PG has demonstrated particularly strong cytotoxic 

effects in both estrogen receptor-positive (MCF-7) and estrogen 

receptor-negative (MDA-MB-231) breast cancer cells. The 

mechanisms underlying PG’s activity include induction of 

mitochondrial-dependent apoptosis, characterized by 

cytochrome c release, activation of caspases-9, -8, and -7, and 

cleavage of poly (ADP-ribose) polymerase (PARP) [68]. In 

MCF-7 cells, PG has also been reported to induce genomic 

instability, evidenced by micronuclei formation [69], and to 

trigger apoptosis by modulating pro- and anti-apoptotic gene 

expression [70]. Furthermore, it has been shown to restore the 

demethylation status and expression of tumor-suppressive miR-

200c, contributing to its anticancer efficacy [71]. In the more 

treatment-resistant MDA-MB-231 cells, PG promotes apoptosis 

via downregulation of anti-apoptotic B-cell lymphoma 2 (BCL-

2) and upregulation of pro-apoptotic BAX and caspase-9 mRNA 

expression levels [20].  

 

 

 

 

 

 

 

Figure 8. Cell viability data for MCF-7 and MDA-MB 231 cell lines following 48 h exposure to test formulations at 37oC using 

the MTT assay and untreated cells as control. Error bars represent SD (n=3). **denotes p=0.0023, and ****denotes p=<0.0001.  
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Table 2. IC50 values for MCF-7 and MDA-MB-231 cell lines following 48 h cell contact at 37oC. 

 

 

 

 

 

 

 

 

The SF inhibitory effect on breast cancer cells is initiated by a 

detergent-like effect that disrupts the cell plasma membrane and 

induces apoptosis, and metastasis [72]. MCF-7 cells were 

inhibited by SF and its isoforms produced by different Bacillus 

species in a dose- and time-dependent manner [73]. A more 

detailed analysis of SF-induced death of MCF-7 cells was related 

to the generation of reactive oxygen species (ROS) and apoptosis 

via sustained activation of the phosphorylation of ERK1/2 and 

JNK signaling pathways [74]. The biosurfactant was reported to 

inhibit MDA triple-negative breast cancer cells by inducing cell 

cycle arrest at the G1 phase [75] and suppressing 

metalloproteinase-9 (MMP-9) expression as well as TPA-

induced phosphorylation of Akt and extracellular signal-

regulated kinase (ERK) [76]. 

Interestingly, the cytotoxic activity of SF against both MCF-7 

and MDA-MB-231 cell lines was significantly enhanced 

(p < 0.0001) following its self-assembly into nanomicelles, as 

evidenced by the lower IC₅₀ values of nSF compared to the SF 

solution in DMSO (Table 2). To the best of our knowledge, this 

observation has not been previously reported. Given that the 

anticancer activity of biosurfactants is closely associated with 

their ability to disrupt cellular membranes, it is plausible that the 

improved cytotoxicity of nSF arises from a more efficient 

interaction between the nanomicelles and cancer cell 

membranes, thereby enhancing membrane disruption and 

promoting cell death. These findings are further supported by 

recent studies demonstrating increased anticancer efficacy of SF 

nanomicelles upon conjugation with hyaluronic acid—a 

targeting ligand known to enhance selective uptake by cancer 

cells [19]. Collectively, these results underscore the potential of 

SF nanomicelles as a more potent and efficient platform for 

cancer therapy.  

For the nPG/SF formulation, the incorporation of PG into nSF 

nanomicelles significantly (p < 0.05) enhanced their 

cytotoxicity. However, the enhancement of PG’s cytotoxic 

effects by nSF was less pronounced under the study conditions, 

particularly in terms of the concentration range (3.12–100 

µg/mL) and exposure time (48 h). Cytotoxicity data revealed that 

PG slightly increased the cytotoxicity of nSF against MCF-7 and 

MDA-MB-231 cells by 11.59% and 13.38%, respectively (Table 

2), although these differences did not reach statistical 

significance (p > 0.05), as shown in Figure 8. Notably, the 

cytotoxicity of nPG/SF was significantly greater (p < 0.0001) 

than that of nSF alone after 48 h of exposure. This enhancement 

in cytotoxicity can be attributed to the increased disruption of 

cancer cell membranes via the interaction between the nSF 

nanomicelles and the cell membrane [77-79]. Additionally, a 

possible synergistic effect between PG and nSF may further 

contribute to the observed enhanced activity against breast 

cancer cell lines. 

The observed increase in cytotoxicity of nPG/SF compared to 

nSF enabled a reduction in the required dosages of both PG and 

nSF, as confirmed by the dose reduction index (DRI). This 

parameter serves to indicate potential synergy between the two 

bioactive agents and the degree to which the dosage of each 

agent can be reduced when combined, relative to their individual 

dosages [15]. Based on the DRI values calculated from the 

combined cytotoxic effects of nPG/SF, PG, and nSF at the 50% 

cell death point for both MCF-7 and MDA-MB-231 cell lines 

(Table 3), it was found that the dosages of PG and nSF could be 

Test 

Formulation 

Concentration range, 

µg/mL 

Cell line 

MCF-7 MDA 

IC50 , µg/mL± SD IC50, µg/mL± SD 

PG solution 3.12-100 21.49±1.04 26.96±1.86 

SF solution 1.25-40 36.62±2.18 45.13±1.96 

nSF 1.25-40 30.02±1.87 36.37±1.56 

nPG/SF 3.12-100 18.43±1.78 22.99±1.61 
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reduced upon their combination into nPG/SF. This is evidenced 

by the corresponding fold increase in DRI, which is particularly 

significant in terms of enhancing the safety profile of the 

formulation.  

The main outcomes of the cytotoxicity study include the 

potential of SF to enhance the anticancer activity of the nPG/SF 

formulation, allowing for dose reduction of both PG and SF 

components and the significant enhancement of SF cytotoxicity 

by self-assembly into nanomicelles.  

Table 3. Dose reduction index (DRI) for PG and nSF was determined at 50% death point of MCF-7 and MDA-MB-231 cell 

lines following 48 h cell exposure at 37oC.

 

 

 

 

 

 

4. Conclusion 

A novel nanobiotechnology-based pharmaceutical 

formulation of prodigiosin and surfactin (nPG/SF) was 

developed and characterized. This nanoformulation enhanced 

the physical properties of PG, particularly its solubility and 

stability, and showed promise in boosting its antibacterial and 

anticancer activities. The nPG/SF formulation offers a versatile 

platform for combining biosurfactants and bioactive microbial 

secondary metabolites, with modulated properties and 

biofunctionalities, thereby expanding its potential for a wide 

range of biotechnological and biomedical applications. 
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