
Cyano-phycocyanin loaded enriched transfersomes for enhanced topical 
skin delivery and antioxidant protection
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e Laboratory of Algology and Microbial Ecology, Nature Research Centre, Akademijos St. 2, 08412 Vilnius, Lithuania
f Department of Drug Technology and Social Pharmacy, Faculty of Pharmacy, Academy of Medicine, Lithuanian University of Health Sciences, Sukilėlių Av. 13, 50162 
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A B S T R A C T

This study aimed to develop and evaluate cyano-phycocyanin (C-PC)-loaded enriched transfersomes for topical 
application, improved skin delivery, and antioxidant protection. The main objective was to overcome the lim
itations associated with C-PC’s instability and poor skin permeability due to its high molecular weight and 
hydrophilicity. Six formulations were prepared using an organic solvent-free two-step method: glycerol-enriched 
transfersomes (Gly-transfersomes), glycerol and cholesterol-enriched transfersomes (Gly-chol-transfersomes), 
hyaluronate-enriched transfersomes (Hyal-transfersomes), hyaluronate and cholesterol-enriched transfersomes 
(Hyal-chol-transfersomes), glycerol and hyaluronate-enriched transfersomes (Hyal-gly-transfersomes), and a 
combination of all three (Hyal-gly-chol-transfersomes). Empty vesicles were prepared via direct sonication, then 
C-PC was gently loaded using mild sonication in a temperature-controlled ultrasonic bath. All formulations 
demonstrated properties suitable for skin delivery, with mean diameters <115 nm, polydispersity indexes <0.2, 
and zeta potential below − 30 mV. Cryo- transmission electron microscopy confirmed spherical, unilamellar or 
oligolamellar morphology. Gly- and Gly-chol-transfersomes exhibited the highest encapsulation efficiency (~52 
%) and remained stable for up to 8 months at 4 ◦C. Antioxidant activity of C-PC (~23–27 μmol TE/g of dry C-PC) 
was confirmed via DPPH assay. Biological tests on HaCaT cells exposed to H2O2-induced oxidative stress showed 
~80 % cell viability after treatment with C-PC formulations, compared to ~60 % in untreated cells, indicating 
cytoprotective activity. Ex vivo skin penetration studies revealed significantly higher C-PC accumulation in the 
epidermis especially for Gly- and Gly-chol-transfersomes versus aqueous C-PC. These findings confirm the po
tential of enriched transfersomes as effective carriers to improve the skin delivery and bioactivity of C-PC in 
antioxidant skin care formulations.
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1. Introduction

The term “phycocyanin” is derived from the Greek words phyco 
meaning “algae” and cyanos meaning “blue”, reflecting both the origin 
of this compound and its distinctive color (Andonova et al., 2024). C-PC, 
a phycobiliprotein present in all cyanobacterial species- commonly 
known as blue-green algae- plays a crucial role in photosynthesis by 
capturing light energy. Beyond its photosynthetic function, C-PC is 
notable for its biological properties and therapeutic potential (Adjali 
et al., 2022). An increasing number of studies have demonstrated its 
beneficial effects in treating various skin disorders, including skin can
cer. As a potent antioxidant, C-PC neutralizes reactive oxygen species 
(ROS), thereby mitigating oxidative stress-related cellular damage and 
reducing pathological conditions such as inflammation and carcino
genesis (Adjali et al., 2022). It may also delay or prevent skin aging by 
minimizing UVB-induced skin damage and wrinkle formation. This 
protective effect is attributed to its ability to downregulate matrix 
metalloproteinases (MMPs) and ROS production while maintaining the 
expression of essential skin barrier proteins such as involucrin, filaggrin, 
and loricrin (Jang and Kim, 2021). Further studies have demonstrated C- 
PC’s capacity to scavenge ROS and repair radiation-induced damage in 
skin cells (Dong et al., 2025). It has also shown promising synergistic 
effects when combined with anti-inflammatory drugs like piroxicam or 
anticancer agents such as topotecan and doxorubicin, particularly in 
multidrug-resistant cells (Adjali et al., 2022). C-PC is therefore consid
ered a promising anti-tumor candidate for melanoma therapy, acting on 
multiple cellular pathways without damaging non-tumoral cells 
(Saldago et al., 2022). Its administration has been associated with 
reduced tumor growth and increased levels of B cells, T lymphocytes, 
and myeloid cells in the inguinal lymph nodes, indicating both anti- 
tumor and immunomodulatory effects (Saldago et al., 2024). In addi
tion to its antioxidant and anti-cancer properties, C-PC also exhibits 
wound-healing and antimicrobial activity, further supporting its po
tential in dermatological applications (Dahmen et al., 2024; Alka et al., 
2024).

Despite its promising bioactivity, topical formulations of C-PC pre
sent significant challenges, primarily due to its high molecular weight 
and instability under various environmental conditions (Li et al., 2022). 
Structurally, C-PC consists of α and β subunits (each ~17–19 kDa), 
which form (αβ) monomers that assemble into trimers and hexamers. 
Each subunit is covalently linked to phycocyanobilins- chromophores 
responsible for the blue color and light-absorbing properties of C-PC 
(Adjali et al., 2022). This complex structure contributes to its sensitivity 
to temperature, pH, and light, which can lead to degradation and loss of 
bioactivity (Adjali et al., 2022; Li et al., 2022). Thus, formulation 
development and storage conditions must account for these vulnera
bilities. In addition, C-PC’s high molecular weight and hydrophilicity 
hinder its ability to penetrate the skin barrier. Passive permeation 
through the stratum corneum- the outermost skin layer − requires 
compounds to possess favorable physicochemical properties, including a 
molecular weight below 500 Da, moderate lipophilicity, and balanced 
solubility in both lipophilic and aqueous environments (Quan, 2023).

Various methods have been developed to enhance skin delivery by 
disrupting or weakening the stratum corneum. Chemical permeation 
enhancers such as azones, glycols, ethanol, and terpenes are commonly 
used to compromise the skin barrier, but they may cause irritation or 
long-term skin damage. Physical techniques like sonophoresis, electro
poration, magnetophoresis, microneedles, thermal ablation, micro
dermabrasion, and iontophoresis can be effective, but are often painful, 
expensive, and reduce patient compliance (Akl et al., 2024). Nano
technology offers a promising alternative to overcome these limitations 
(Zewail et al., 2025). Among nanocarriers, vesicular systems, such as 
invasomes or transethosomes, have demonstrated enhanced skin pene
tration and biological activity of active compounds (Zafar et al., 2024; 
Aodah et al., 2023; Kumari et al., 2023).

Recent studies have shown that phospholipid-based vesicular 

systems can effectively encapsulate C-PC (Castangia et al., 2016; Cas
tangia et al., 2016; Manconia et al., 2009). These include liposomes, 
hyalurosomes, santosomes, ethosomes, and penetration enhancer- 
containing vesicles (PEVs). However, to date, no studies have investi
gated the use of transfersomes for topical delivery of C-PC. Trans
fersomes are elastic, deformable phospholipid vesicles containing edge 
activators − surfactants or bilayer- modifying molecules − that enhance 
flexibility and facilitate penetration (Allaw et al., 2020). These systems 
improve the stability and properties of active compounds, enhance 
solubility, promote skin partitioning, and fluidize the lipid barrier (Akl 
et al., 2024). Transfersomes have been used to deliver various proteins 
or hydrophilic biomolecules, including enzymes, growth factors, and 
antigens (Modi and Pharadia, 2012; Matharoo et al., 2024). For 
instance, Sapkota and colleagues encapsulated papain in transfersomes, 
reducing superficial skin damage in animal models (Sapkota et al., 
2023). Doustvaghe et al. delivered recombinant human epidermal 
growth factor in transferosomes achieving improved skin deposition 
(Doustvaghe et al., 2024). Recently, Aroffu and colleagues developed 
transfersomes enriched with glycerol, hyaluronic acid, or their combi
nation (so-called enriched transfersomes) resulting in long-lasting for
mulations (9 months) capable of enhancing ovalbumin deposition in 
both the epidermis and dermis (Aroffu et al., 2024).

Based on these findings, enriched transfersomes were selected for the 
topical delivery of C-PC. The concentration of sodium deoxycholate, 
used as an edge activator, was optimized to account the large molecular 
size and aggregation tendency of C-PC. A small amount of cholesterol 
was added in selected formulations to assess its impact on a) encapsu
lation efficiency, b) stability and c) skin permeation. Six different C-PC- 
loaded enriched transfersomes (Gly-transfersomes, Gly-chol- 
transfersomes, Hyal-transfersomes, Hyal-chol-transfersomes, Hyal-gly- 
transfersomes, Hyal-gly-chol-transfersomes) were prepared and char
acterized in terms of vesicle size (mean diameter, MD), polydispersity 
index (PI), zeta potential (ZP), and encapsulation efficiency (EE). Their 
stability was monitored and evaluated over a period of 8 months under 
light-protected conditions, while being stored at 4 ◦C in a refrigerator. 
Biological properties (biocompatibility and ability to counteract H2O2- 
induced oxidative stress) were evaluated in vitro using human kerati
nocytes (HaCaT) as the most representative cells of the outermost skin 
strata. The two most promising formulations were further tested in ex 
vivo skin penetration studies to compare their performance against C-PC 
in PBS and C-PC in PBS with propylene glycol (PG), a known penetration 
enhancer.

To the best of our knowledge, this is the first report on enriched 
transfersomes for C-PC skin delivery, using a two-step, solvent-free 
method specifically adapted to preserve the structural integrity and 
biological activity of this sensitive protein.

2. Materials and methods

2.1. Materials

C-PC was isolated from cyanobacterial biomass collected from the 
Kaunas Reservoir (Kaunas, Lithuania) and the Simnas fishpond (Simnas, 
Lithuania). Lipoid S75 (S75), a mixture of phospholipids from soy (70 % 
phosphatidylcholine, 9 % phosphatidylethanolamine, and 3 % lyso
phosphatidylcholine) was purchased from Lipoid GmbH (Ludwigshafen, 
Germany). Sodium hyaluronate (low molecular weight, hyal), glycerol 
(gly), and sodium chloride were obtained from Galeno (Potenza, Italy). 
Sodium deoxycholate (SDC), cholesterol (chol), and other chemicals 
were supplied by Sigma-Aldrich (St. Louis, MO, USA). All materials were 
of analytical grade. High-purity deionized water was prepared using a 
Milli-Q® water purification system (Millipore, Burlington, MA, USA). 
Cell medium, fetal bovine serum, penicillin, streptomycin, Fungizone, 
and all the other reagents used for cell studies were purchased from 
Thermo-Fisher Scientific Inc (Waltham, Massachusetts, USA).
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2.2. Collection of cyanobacterial biomass

Cyanobacterial biomass was collected from the Kaunas Reservoir 
(Kaunas, Lithuania) and the Simnas fishpond (Simnas, Lithuania) during 
a cyanobacteria bloom during August –October 2023 using a cyano
bacteria harvesting prototype AS-LAND (Algae – economy based 
ecological service of aquatic ecosystems. Layman’s Report, 2023).

The collected biomass was frozen and stored at − 20 ◦C. Additionally, 
phytoplankton samples were obtained from the surface water layer 
(0.10–0.30 m) using a Ruttner water sampler for microscopic analysis to 
identify bloom-forming species. Additionally, the collected biomass was 
tested for cyanotoxins by the enzyme-linked immunosorbent assay 
(ELISA) using the Beacon Analytical Systems (Saco, ME, USA) and 
Eurofins Abraxis (Warminster, PA, USA) ELISA tests according to the 
manufacturer’s instruction. For C-PC isolation, non-toxic biomass with 
dominance of Aphanizomenon flos-aquae (>95 % total phytoplankton 
biomass) was selected.

2.3. C-PC extraction and purification

C-PC extraction and purification were performed following the 
method outlined by Khazi et al. (2018) with slight modifications (Khazi 
et al., 1980). Extraction involved a single freeze–thaw cycle (freezing at 
− 20 ◦C and thawing at 20 ± 2 ◦C). The supernatant for C-PC purification 
was collected after centrifugation at 8,000 × g for 10 min and precipi
tated overnight at + 4 ◦C with a 50 % saturated ammonium sulfate so
lution. The precipitate was centrifuged at 10,000 × g for 10 min, and the 
pellet was resuspended in 10 mM Na-phosphate buffer (pH 7.0). 
Desalting was performed via diafiltration using a 10 kDa pore-size 
membrane.

C-PC was further purified by ion exchange chromatography using a 
Q-Sepharose XL resin. The column was pre-equilibrated with 10 mM Na- 
phosphate buffer (pH 7.0). Elution was carried out with a linear gradient 
of 0.5 M NaCl in the same buffer at a flow rate of 0.5 mL/min. The 
purified C-PC solution was rapidly frozen at − 40 ◦C and freeze-dried 
using a VaCo 2 freeze dryer (Zirbus Technology, Bad Grund, Harz, 
Germany) at an approximately 0.05 mbar for 24–36 h. The freeze-dried 
C-PC powder was stored at − 20 ◦C.

2.4. Purity assessment of C-PC

The purity of C-PC was determined spectrophotometrically, using the 
following formula (Bennett and Bogorad, 1973): 

C-PC purity = OD620/OD280,                                                                

where OD280 represents the absorbance of total proteins and OD620 
represents the absorbance of C-PC. The experiment was performed in 
triplicate.

2.5. Vesicle preparation

C-PC-loaded enriched transfersomes were prepared using a two-step 
preparation process, avoiding the use of organic solvents. First, S75 
(120 mg), sodium deoxycholate (20 mg), and optionally cholesterol (10 
mg) were weighed into a glass vial and hydrated with 2 mL of: 1) 10 % 
glycerol in saline solution to obtain Gly-transfersomes, 2) 0.1 % sodium 
hyaluronate in saline solution to obtain Hyal-transfersomes, or 3) their 
combination (10 % glycerol, 0.1 % sodium hyaluronate in saline solu
tion) to obtain Hyal-gly-transfersomes. The dispersions were sonicated 
using a high-intensity ultrasonic disintegrator (Soniprep 150, MSE 
Crowley, London, UK) with 2 repetitions of 15 cycles (4 s on, 2 s off) at a 
probe amplitude of 14 µm. To prevent overheating, samples were 
allowed to cool down after each sonication repetition. During the second 
step, C-PC (20 mg) was added to the preformed empty transfersomes, 
and the mixture underwent additional sonication in an ultrasonic bath 

(Bandelin Sonorex RK 512H) for 6 cycles of 5 min each, at 25–30 ◦C. The 
detailed compositions of the samples are provided in Table 1.

2.6. Transfersome characterization

The average particle size (mean diameter, MD), polydispersity index 
(PI), and zeta potential (ZP) of transfersomes were determined at 25 ◦C 
using a Zetasizer Ultra (Malvern Panalytical, Worcestershire, UK), after 
diluting each sample 1:100 with water to ensure optical clarity.

Transfersome formation and morphology were assessed by cryogenic 
transmission electron microscopy (cryo-TEM). A volume of 3  μL from 
each sample was applied to a glow-discharged holey carbon grid. Excess 
liquid was removed by gentle blotting with filter paper to produce a thin 
aqueous film. The grids were then vitrified by rapid plunge-freezing into 
liquid ethane maintained at its melting point, using a Vitrobot (FEI 
Company, Eindhoven, The Netherlands). This step was performed at 
room temperature and 100 % relative humidity. Vitrified specimens 
were transferred to a Tecnai F20 transmission electron microscope (FEI 
Company) using a Gatan cryotransfer system (Gatan, Pleasanton, CA, 
USA) and imaged under low-dose conditions. Micrographs were ac
quired at an accelerating voltage of 200 kV and a specimen temperature 
of approximately − 173 ◦C, using an Eagle CCD camera (FEI Company).

2.7. Encapsulation efficiency

The encapsulation efficiency (EE) of the transfersomes was evaluated 
using the dialysis method (Fulgheri et al., 2023). 1 mL of each sample 
were placed in Spectra/Por 300 kDa (Biotech) dialysis membranes and 
dialyzed against 1L of high-purity deionized water at 25 ◦C for 24 h to 
remove unincorporated C-PC. Encapsulation efficiency (EE) was calcu
lated by comparing the C-PC content before and after dialysis. To 
determine the C-PC content, transfersomes were disrupted using a 2 % 
(w/v) Triton™ X-100 solution, and the C-PC concentration was 
measured spectrophotometrically at a wavelength of 620 nm.

EE (%) was calculated according to the following formula: 

EE(%) =
C − PC content after dialysis

C − PC content before dialysis
× 100 

2.8. Stability studies

Transfersome stability was evaluated by monitoring variations in 
mean diameter, polydispersity index, and zeta potential during 8 months 
of storage at 4 ◦C, under refrigerated and light-protected conditions. All 
measurements were conducted in triplicate.

2.9. DPPH assay

The DPPH assay followed the protocol described by Agrawal and 
colleagues, with minor modifications (Agrawal et al., 2021). 100 μL of 
sample (C-PC in solution or loaded in enriched transfersomes) or blank 
(milli-Q water) were mixed with 400 μL of milli-Q water and 500 μL of 
DPPH methanolic solution (40 µg/mL). Milli-Q water was necessary to 
prevent C-PC precipitation. After 30 min of incubation in the darkness 
and at room temperature, the absorbance was read at 517 nm with a 
multi-plate reader (BioTek Epoch-SN, Agilent, USA). The antioxidant 
activity was calculated according to the following equation (Eq. (1)): 

Antioxidant activity % = (A blank − A sample)/A blank × 100.           

A calibration curve was built using Trolox (6-hydroxy-2,5,7,8-tet
ramethylchroman-2-carboxylic acid) in the range of 7.8–125 μg/mL. 
Further calculations were made according to the equations of Rumpf and 
colleagues, and results were expressed as μmol of Trolox equivalent/g of 
dry extract (Rumpf et al., 2023; Allaw et al., 2020). All the experiments 
were performed in triplicate.
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2.10. In vitro cytocompatibility and protective effect against oxidative 
damages

Human keratinocytes (HaCaT, ATCC collection, Manassas, VA, US) 
were grown as monolayers under 100 % humidity and 5 % CO2 at 37 ◦C 
in Dulbecco Modified Eagle medium containing 10 % fetal bovine 
serum, 1 % penicillin/streptomycin, and Fungizone. To assess the 
viability, cells were seeded in 96-well plates (1x104 cells/well) and 
incubated in the previous culture conditions for 24 h. Thereafter, the 
medium was withdrawn and replaced with C-PC in solution or loaded in 
enriched transfersomes, properly diluted with fresh medium at final C- 
PC concentrations of 1000, 100, 10, and 1 μg/mL. Untreated cells were 
used as positive control. After 24 h, media were discarded and replaced 
with 100 μL of MTT solution (0.5 mg/mL, final concentration), and cells 
were incubated for an additional 3 h. MTT solution was then removed, 
dimethyl sulfoxide (DMSO) was added, and absorbance was measured at 
570 nm with a microplate reader (BioTek Epoch-SN, Agilent, USA). Cell 
viability was calculated as a percentage of live cells versus untreated 
control cells (100 % viability).

To assess the efficacy of the formulations in counteracting hydrogen 
peroxide-induced cell death, 24 h after seeding, cells were stressed with 
hydrogen peroxide (0.25 mM) and subsequently treated for 4 h with 
samples (C-PC in solution or loaded in enriched transfersomes) adjusted 
to a final concentration of 10 µg/mL of C-PC in the medium. Lastly, the 
MTT solution (0.5 mg/mL, final concentration) was added, and absor
bance was measured at 570 nm (BioTek Epoch-SN, Agilent, USA) 3 h 
later after adding DMSO. Untreated cells (100 % viability) were used as 
a positive control, while those stressed with hydrogen peroxide and not 
treated with C-PC samples were used as a negative control.

2.11. Ex vivo skin-permeation study of C-PC

Ex vivo skin permeation studies of C-PC were performed using 
Bronaugh-type flow-through diffusion cells, following a previously 
described method (Galinytė et al., 2024).

Abdominal skin samples from Caucasian women were obtained from 
the Department of Plastic and Reconstructive Surgery at the Hospital of 
the Lithuanian University of Health Sciences after cosmetic procedures, 
with ethical approval from the Kaunas Region Bioethical Committee 
(approval code BE-2-42, 3 May 2023). The effective diffusion area of the 
cells was 0.64 cm2. Skin samples (n = 3 per formulation) were pre- 
equilibrated in PBS solution at 25 ◦C for 12 h before applying 0.5 mL 
of C-PC (10 mg/mL) in solution or loaded in transfersomes in the donor 
compartment. A C-PC solution containing 15 % (v/v) of propylene 
glycol (PG) was used as a positive control due to the well-known 
penetration enhancer properties of PG (Mistry and Notman, 2024). 

The diffusion cells were sealed with Parafilm and covered with 
aluminum foil to prevent light exposure. The tests were performed for 
24 h at 37 ◦C.

Following the experiment, the skin specimens were rinsed with PBS, 
fixed in 4 % (v/v) formalin for 3 h, washed with PBS, and incubated in 
30 % (w/v) sucrose for 12 h. The skin samples were embedded in 
Shandon Cryomatrix compound (Thermo Fisher Scientific, Waltham, 
MA, USA), frozen at − 60 ◦C, sectioned at 20 μm using a cryostat 
microtome (Microm HM 560, Leica, Wetzlar, Germany), and analyzed 
via confocal laser scanning microscopy (CLSM) (LSM 700, ZEISS, 
Oberkochen, Germany). C-PC was detected using a 639 nm diode laser, 
with excitation at 651 nm and emission at 670 nm. Tissue auto
fluorescence was filtered using Cy3 filter, and emission was digitally 
assigned to the green channel. Images with a field size of 2048 μm ×
2048 μm were captured with a Plan-Apochromat 20× objective (nu
merical aperture, NA = 0.55). Transverse skin-section images were 
collected using ZEN 2010 software, and the z-stack method was 
employed to evaluate C-PC accumulation in the skin.

2.12. Statistical analysis of data

Statistical analysis was performed using IBM SPSS Statistics version 
29.0 (SPSS Inc., Chicago, IL, USA). Results were presented as mean and 
standard deviation. One-way ANOVA was applied for independent 
sample comparisons, whereas repeated-measure ANOVA was used for 
dependent sample comparisons. A significance level of p <0.05 was 
considered statistically significant.

3. Results

3.1. Vesicle preparation and characterization

Enriched transfersomes were formulated to deliver C-PC, extracted 
from cyanobacterial biomass to the skin. The purified C-PC used in this 
study exhibited a high purity of 3.227 ± 0.045. Sodium deoxycholate 
was combined with the phospholipid S75 to formulate basic trans
fersomes, which were further enriched with glycerol, sodium hyaluro
nate, or their combination to ensure the formation of highly deformable 
vesicles suitable for cutaneous application. All nanosystems were pre
pared either with or without cholesterol (chol) to evaluate its role in 
modulating the accumulation and penetration of C-PC into and through 
the skin. To preserve the structural stability of C-PC- particularly in the 
presence of organic solvents or under stressful conditions (i.e., high 
temperatures), which are often required for proper phospholipid vesicle 
assembly- C-PC was loaded using an active approach, also known as 
remote drug loading (Pisani et al., 2023). This method involves loading 

Table 1 
Composition of C-PC-loaded enriched transfersomes.

Gly- 
transfersomes

Gly-chol- 
transfersomes

Hyal- 
transfersomes

Hyal-chol- 
transfersomes

Hyal-gly- 
transfersomes

Hyal-gly-chol- 
transfersomes

Phospholipid S75 (mg) 120 120 120 120 120 120
Sodium deoxycholate (mg) 20 20 20 20 20 20
Cyano- phycocyanin (mg) 20 20 20 20 20 20
Cholesterol (mg) — 10 — 10 — 10
Glycerol 10 % (w/v), 

sodium chloride 0.9 % (w/v) 
(mL)

2 2 — — — —

Sodium hyaluronate 0.1 % (w/ 
v), 
sodium chloride 0.9 % (w/v) 
(mL)

— — 2 2 — —

Sodium hyaluronate 0.1 % (w/ 
v), 
glycerol 10 % (w/v), 
sodium chloride 0.9 % (w/v) 
(mL)

— — — — 2 2
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the active compound after the production of empty liposomes and is 
typically based on diffusion across the surface of the liposomes (gradient 
loading) (Antimisiaris, 2021). Accordingly, empty transfersomes were 
first prepared via direct sonication. C-PC was then incorporated into the 
pre-formed empty transfersomes at a concentration of 10 mg/mL using 
ultrasonic bath sonication.

The structure and morphology of C-PC-loaded transfersomes were 
visualized using cryo-TEM (Fig. 1). Gly-transfersomes (Fig. 1a) and Gly- 
chol-transfersomes (Fig. 1b) appeared small, spherical, unilamellar, and 
homogeneously dispersed. In contrast, Hyal-transfersomes (Fig. 1c) and 
Hyal-chol-transfersomes (Fig. 1d) were slightly larger, with visible bi- 
and oligo-lamellar structures. The larger size of these vesicles is likely 
attributable to sodium hyaluronate, which may influence vesicle as
sembly, hydration, and swelling properties (Elsheikh et al., 2023). Hyal- 
gly-transfersomes (Fig. 1e) and Hyal-gly-chol-transfersomes (Fig. 1f) 
were also slightly larger than Gly- and Gly-chol-transfersomes, with 
moderate dispersity and some lamellar structures, likely related to the 
presence of sodium hyaluronate. Additionally, the combination of 
glycerol and sodium hyaluronate likely enhances hydration and alters 
the assembly of the components, thereby contributing to the observed 
changes in vesicle size.

Dynamic laser light scattering (DLS) measurements further corrob
orated these findings, revealing that the particle size of the enriched 
transfersomes ranged from ~90 nm for Hyal-gly-chol-transfersomes to 
~115 nm for Hyal-gly-transfersomes (Table 2). The inclusion of 
cholesterol slightly reduced vesicle size, likely due to its role in stabi
lizing and tightening the bilayer structure (Chakraborty et al., 2020).

The polydispersity index values ranged from ~0.07 for Hyal- 
transfersomes to ~0.17 for Gly-transfersomes and Gly-chol- 
transfersomes, indicating a high degree of homogeneity across all for
mulations. These narrow PI values were consistent with the uniformly 
dispersed vesicles observed in the cryo-TEM images.

Zeta potential measurements ranged from ~− 33 mV for Gly- 
transfersomes to ~− 44 mV for Hyal-chol-transfersomes. All 

formulations exhibited a high negative surface charge (less than − 30 
mV), suggesting systems with sufficient electrostatic repulsion. Overall, 
cholesterol-containing formulations displayed more negative ZP values, 
which may lead to enhanced stability (Honary and Zahir, 2013).

Encapsulation efficiency of C-PC varied significantly among the 
formulations after purification (Spectra/Por 300 kDa). The highest EE 
were observed for Gly-transfersomes (51.56 ± 4.41 %) and Gly-chol- 
transfersomes (51.51 ± 4.78 %), in contrast to the other formulations, 
which ranged from ~33 % to ~37. Cholesterol did not appear to have a 
substantial effect on this parameter.

Characterization results indicated that Gly-transfersomes and Gly- 
chol-transfersomes were the most promising formulations due to their 
superior C-PC encapsulation, highly negative superficial charge, uni
form size, and narrow polydispersity. Cryo-TEM supported the suc
cessful formation of the nanosystems, revealing their structure as 

Fig. 1. Representative cryo-TEM images of C-PC- loaded enriched transfersomes: (a) Gly-transfersomes; (b) Gly-chol-transfersomes; (c) Hyal-transfersomes; (d) Hyal- 
chol-transfersomes; (e) Hyal-gly-transfersomes; (f) Hyal-gly-chol-transfersomes.

Table 2 
Mean diameter (MD), polydispersity index (PI), zeta potential (ZP) and encap
sulation efficiency (EE) of C-PC-loaded enriched transfersomes. Mean values and 
standard deviations are reported (n = 3). The same letter within the same col
umn indicates values that are not statistically different (p > 0.05), while 
different letters denote statistically significant differences (p < 0.05).

MD (nm) PI ZP (mV) EE (%)

Gly-transfersomes 101.92 ±
25.92a

0.17 ±
0.04a

− 32.98 ±
4.33a

51.56 ±
4.41a

Gly-chol- 
transfersomes

96.80 ±
11.91a

0.17 ±
0.04a

− 36.44 ±
3.23a

51.51 ±
4.78a

Hyal-transfersomes 108.13 ±
1.45a

0.07 ±
0.02a

− 34.98 ±
0.95a

36.31 ±
3.00b

Hyal-chol- 
transfersomes

101.60 ±
18.81a

0.13 ±
0.06a

− 43.69 ±
0.95b

37.14 ±
4.05b

Hyal-gly- 
transfersomes

115.15 ±
12.05 a

0.16 ±
0.02a

− 39.12 ±
0.26b

32.92 ±
2.52b

Hyal-gly-chol- 
transfersomes

90.08 ±
12.22a

0.13 ±
0.03a

− 37.41 ±
0.76a

35.42 ±
3.24b
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spherical, unilamellar, or oligolamellar vesicles.

3.2. Stability of C-PC-loaded transfersomes

The stability of transfersomes was assessed by measuring their mean 
diameter, polydispersity index, zeta potential at 30-day intervals over an 
8-month storage period at 4 ◦C, under refrigerated and light-protected 
conditions.

No changes in the color of any transfersome formulation were 
observed throughout the storage period. While all formulations consis
tently exhibited negative zeta potential values, significant variations in 
mean diameter and polydispersity index were observed depending on 
the composition. Particle size analysis revealed that Gly-transfersomes, 
Gly-chol-transfersomes, Hyal-gly-transfersomes, and Hyal-gly-chol- 
transfersomes were the most stable, showing no substantial changes in 
mean diameter compared to the initial time point (t0) (Fig. 2). In 
contrast, Hyal-transfersomes and Hyal-chol-transfersomes exhibited 
marked increases in particle size starting from the 4th to 5th month, 
suggesting aggregation and vesicle fusion, and indicating limited long- 
term stability. Along with the size, the polydispersity index of these 
formulations increased from values <0.2 to values ≥0.3, indicating the 
formation of heterogeneous vesicle populations with varying sizes- 
consistent with the observed increase in mean diameter. Overall, glyc
erol appeared to play a key role in enhancing formulation stability by 
mitigating hyaluronate-related fusion processes, even in the systems 
containing both components (i.e., Hyal-gly-transfersomes and Hyal-gly- 
chol-transfersomes).

3.3. Antioxidant activity of C-PC-loaded enriched transfersomes with 
respect to the solution

The scavenging of C-PC, in solution or loaded in enriched trans
fersomes, was measured by DPPH assay and expressed as both Antiox
idant Activity (AA) and Trolox Equivalent Antioxidant Capacity (TEAC) 

(Table 3).
The C-PC solution’s Antioxidant Activity was ~36 %, which corre

sponds to 23.3 μmol of Trolox Equivalents (TE)/g of dry C-PC. These 
values were slightly lower than those provided by the enriched trans
fersomes, which ranged from ~38 % to ~42 % for the Antioxidant Ac
tivity and from ~24 μmol TE/g to ~27 μmol TE/g for the Trolox 
Equivalent Antioxidant Capacity. These small differences might be due 
to the weak intrinsic antioxidant activity of transfersomes, whose main 
phospholipid – S75 – contains phosphatidylcholine and traces of 
α-tocopherol, as reported elsewhere (De Leo et al., 2018). Nonetheless, 
these results demonstrate that the encapsulation of C-PC in enriched 
transfersomes did not alter its antioxidant activity, thus highlighting the 
suitability of both the preparation method and the systems for the 
encapsulation of C-PC.

3.4. In vitro studies with HaCaT cells

Keratinocytes were used as the main representative cells of the 
outermost skin layer. Biocompatibility was assayed by adding C-PC in 

Fig. 2. Mean diameter (MD), polydispersity index (PI), and zeta potential (ZP) of enriched transfersomes containing C-PC during 8 months of storage at 4 ◦C under 
light-protected conditions. Mean values and standard deviations of at least three replicates are reported. Within each formulation group (Gly-transfersomes, Gly-chol- 
transfersomes, Hyal-transfersomes, Hyal-chol-transfersomes, Hyal-gly-transfersomes, or Hyal-gly-chol-transfersomes), the same letter indicates a statistically sig
nificant difference (p < 0.05) from the corresponding t0 value for mean diameter and zeta potential.

Table 3 
Antioxidant activity (AA, expressed as %) and Trolox Equivalent Antioxidant 
Capacity (TEAC, expressed as μmol of Trolox Equivalents (TE)/g of dry C-PC) of 
C-PC in solution or loaded in enriched transfersomes. The same letter within the 
same column indicates statistically different values (p < 0.05) from those of the 
C-PC solution.

AA 
(%)

TEAC 
(µmol TE/g)

Gly-transfersomes 42.1 ± 2.1a 26.8 ± 1.3a

Gly-chol-transfersomes 41.9 ± 4.0a 26.6 ± 2.4a

Hyal-transfersomes 37.8 ± 1.9a 24.2 ± 1.1
Hyal-chol-transfersomes 39.2 ± 1.5a 25.0 ± 1.0
Hyal-gly-transfersomes 40.8 ± 4.5a 25.9 ± 2.7a

Hyal-gly-chol-transfersomes 41.7 ± 2.9a 26.5 ± 1.7a

C-PC solution 36.4 ± 1.8 23.3 ± 1.1
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solution or loaded into enriched transfersomes after dilution with cell 
medium to final concentrations of 1000, 100, 10, and 1 μg/mL (Fig. 3, 
a). The highest dose tested (1000 μg/mL) was clearly cytotoxic, as cell 
viability dropped below 45 % for all the enriched transfersomes, 
regardless of the composition. Cell viability was lower for enriched 
transfersomes than the solution possibly due to the carrier composition 
and the very high dose tested. Nonetheless, also the C-PC solution, at the 
same dose, reduced cell viability to ~45 %. Notably, Gly-transfersomes 
and Gly-chol-transfersomes provided higher viability than Hyal-gly- 
transfersomes and Hyal-gly-chol-transfersomes. At a 100 μg/mL dose, 
viability was ~80 %, with no differences between encapsulated and 
unencapsulated C-PC. Similarly, no differences were detected when 
testing the 10 and 1 μg/mL concentrations, which yield cell viability 
>90 % and >100 %, respectively.

The 10 μg/mL dose was selected to evaluate the protective effects 
against H2O2-induced oxidative stress on the same cell line, finding a 
compromise between cell viability and DPPH results (Fig. 3, b). When 
cells were only treated with H2O2, cell viability decreased to ~60 %. On 
the contrary, when C-PC was added in solution or loaded into enriched 
transfersomes, cell viability increased to ~80 % with no substantial 
differences between the formulations. No differences were also detected 
between encapsulated and unencapsulated C-PC. These results further 
confirm the suitability of the preparation method and nanosystems in 
preserving the antioxidant activity of C-PC, thus also reinforcing the 
DPPH assay results.

3.5. Ex vivo qualitative assessment of C-PC skin permeation from 
experimental formulations

Based on the characteristics, stability and biocompatibility data, Gly- 
transfersomes and Gly-chol-transfersomes were selected as the most 
promising candidates for an ex vivo skin penetration study. This study 
compared the accumulation and penetration of C-PC into and through 
the skin from the selected enriched transfersomes with those of a C-PC 
solution in PBS and a C-PC solution in PBS containing 15 % (v/v) pro
pylene glycol (PG), a well-known penetration enhancer used as a posi
tive control (Fig. 4). All formulations were tested at the same C-PC 

concentration of 10 mg/mL, exploiting the intrinsic fluorescence of C-PC 
for qualitative assessment (Fig. 4, C-PC channel). Skin autofluorescence 
was excluded from the analysis (Fig. 4, Skin autofluorescence).

C-PC in PBS solution exhibited limited skin penetration, likely due to 
its high molecular weight and hydrophilic nature, with fluorescence 
being nearly undetectable in the C-PC channel. As expected, the addition 
of PG to the PBS solution slightly enhanced C-PC penetration into the 
outermost skin layer, as indicated by the appearance of a narrow fluo
rescent band. In contrast, the enriched transfersomes significantly 
improved C-PC penetration and accumulation within the upper skin 
layers, as evidenced by more pronounced fluorescent signal across the 
skin surface compared to both the PBS solution and the positive control. 
Among the transfersomes, those lacking cholesterol exhibited slightly 
more intense and broader fluorescence than the Gly-chol-transfersomes, 
likely due to their more flexible bilayer structure.

4. Discussion

In this study, enriched transfersomes were selected to enhance the 
accumulation and penetration of C-PC into and through the skin, 
leveraging the unique properties of these vesicular systems for cuta
neous administration of large, sensitive, and hydrophilic molecules. To 
the best of our knowledge, this is the first report describing the use of 
such systems for the topical administration of C-PC. Recent research has 
highlighted the advantages of transfersomes over conventional lipo
somes, especially in terms of elasticity and deformability, which enable 
them to cross the skin barrier structures, such as the stratum corneum, 
and reach the deeper layers of the epidermis and dermis (Akl et al., 
2024; Sapkota et al., 2023). These vesicles exhibit self-regulating and 
adaptive properties under mechanical stress, facilitating efficient pas
sage through skin pores with minimal energy input (Kumbhar et al., 
2024). Structurally, transfersomes consist of phospholipids and edge 
activators, typically used at concentrations ranging from 10 to 25 % w/v 
(Kumbhar et al., 2024; Phatale et al., 2022). In this study, sodium 
deoxycholate was selected as the edge activator due to its biocompati
bility and its ability to destabilize the lipid bilayer, reduce interfacial 
tension, increase fluidity and elasticity, and enhance the ability of 

Fig. 3. a) Viability (%) of HaCaT cells incubated for 24 h with C-PC in solution or loaded into enriched transfersomes at final concentrations of 1000, 100, 10, and 1 
μg/mL. Untreated cells were used as a positive control and represent 100 % viability. The same letter indicates statistically different values (p < 0.05) from those of 
the C-PC solution. b) Viability (%) of HaCaT cells stressed with H2O2 0.25 mM and treated with C-PC in solution or loaded into enriched transfersomes at 10 μg/mL 
concentration. Untreated cells were used as a positive control, whereas cells stressed with H2O2 served as a negative control. Mean values ± standard deviations are 
reported (n = 8). The same letter indicates statistically different values (p < 0.05) from those stressed with H2O2 (negative control).
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vesicles to adapt to the narrow skin pores (Akl et al., 2024; Guillot et al., 
2023). Soy lecithin was chosen as the primary phospholipid component 
for its ability to improve transfersome stability compared to egg lecithin 
(Kumbhar et al., 2024). To further enhance deformability and skin 
spreadability, glycerol, sodium hyaluronate, or both were incorporated 
into the formulations, resulting in enriched systems such as Gly- 
transfersomes, Hyal-transfersomes, and Hyal-gly-transfersomes, 
respectively. Glycerol was included for its humectant and penetration- 
enhancing properties as well as its ability to improve vesicle stability 
and flexibility (Sapkota et al., 2023; Manca et al., 2016; Alam et al., 
2023). Additionally, it increases formulation viscosity, facilitating 
topical application (Manca et al., 2017; Zhu et al., 2022). Sodium hya
luronate was included for its well-known hydrating and skin regener
ating properties (Zhu et al., 2020). Hyaluronic acid-based vesicles, 
known as hyalurosomes, have demonstrated efficacy in delivering 
bioactive compounds, such as curcumin or licorice extract, while also 
promoting skin restoration and providing effective protection against 
oxidative stress (Manca et al., 2015; Castangia et al., 2015). 

Furthermore, C-PC-loaded hyalurosomes have been shown to enhance 
its antioxidant activity in stressed human keratinocytes and promote 
deeper skin deposition compared to C-PC in solution (Castangia et al., 
2016). In another study, Aroffu et al. showed that enriched trans
fersomes containing glycerol, hyaluronic acid or both promoted protein 
accumulation in the epidermis and dermis (Aroffu et al., 2024). Based on 
this, enriched transfersomes were selected as carriers for C-PC, with 
additional cholesterol introduced in selected formulations (Gly-chol- 
transfersomes, Hyal-chol-transfersomes, and Hyal-gly-chol- 
transfersomes) to evaluate its effects on the main physico-chemical, 
technological and biological properties of these nanosystems. 
Although cholesterol is known to stabilize vesicle membranes by 
increasing rigidity and reducing drug leakage, no significant differences 
were observed in our study regarding stability or encapsulation effi
ciency (Akl et al., 2024; Kumbhar et al., 2024; Manca et al., 2017; Shah 
et al., 2020). Higher concentrations of cholesterol may improve stability 
but may also reduce vesicle deformability and impair penetration 
(Duangjit et al., 2011).

Fig. 4. Confocal images of human skin sections after treatment with C-PC in PBS solution (upper panel), in PBS solution with 15 % (v/v) propylene glycol (medium 
upper panel, positive control), loaded in Gly-transfersomes (medium lower panel), and loaded in Gly-chol-transfersomes (lower panel). Scale bar: 50 µm. The 
experiment was performed in triplicate.
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All enriched transfersomes were prepared using a two-step method 
to ensure uniformity and avoid the use of organic solvents. This 
approach was essential for preserving the structural integrity of C-PC, a 
highly temperature-sensitive protein. Previous studies have reported 
that C-PC stability decreases significantly at temperatures exceeding 
45–47 ◦C, with accelerated degradation at higher temperatures (Yuan 
et al., 2022; Huo et al., 2022). In preliminary experiments, direct soni
cation of C-PC with transfersome-forming agents resulted in approxi
mately 20–60 % degradation of C-PC (data not shown). To prevent this, 
C-PC was added to preformed empty transfersomes and gently sonicated 
in an ultrasonic bath at a controlled temperature of 25–30 ◦C. This 
method was developed combining different approaches described in the 
literature to prepare vesicles encapsulating C-PC (Castangia et al., 2016; 
Manconi et al., 2010). Notably, the DPPH assay confirmed the suitability 
of this method in preserving the structural integrity of C-PC as Antiox
idant activity and Trolox Equivalent Antioxidant Capacity values were 
comparable regardless of whether C-PC had undergone the preparation 
process.

To achieve efficient penetration of C-PC into the skin, lipid vesicles 
must possess key properties, including mean diameter, polydispersity 
index, zeta potential, encapsulation efficiency, and stability (Guillot 
et al., 2023). The enriched transfersomes obtained were small, with an 
average size ranging from ~90 nm to ~115 nm, and uniformly 
dispersed, with PI values <0.2, thus suitable for skin delivery. Indeed, 
homogeneous phospholipid vesicles with a diameter of 300 nm or 
smaller are reported to partially deliver their contents into deeper skin 
layers, especially when they are flexible (Danaei et al., 2018). Uni
lamellar structures were predominant in glycerol-based formulations 
(Gly-transfersomes and Gly-chol-transfersomes) whereas oligolamellar 
structures were observed in hyaluronate- containing systems (Mistry 
and Notman, 2024). Generally, oligolamellar and multilamellar vesicles 
are larger due to multiple aqueous compartments and may exhibit 
extended-release profiles, making them beneficial for sustained release. 
In contrast, unilamellar vesicles are more commonly associated with the 
rapid release of encapsulated material (Rumpf et al., 2023). Hydrophilic 
compounds are generally associated with lower encapsulation effi
ciencies (10–50 %) due to their tendency to remain in the aqueous phase 
rather than integrate into the vesicular structure (Guillot et al., 2023). In 
this study, Gly-transfersomes and Gly-chol-transfersomes exhibited the 
highest encapsulation efficiencies (~52 %), thus in line with the liter
ature. Cholesterol did not significantly affect encapsulation efficiency. 
By contrast, the addition of sodium hyaluronate resulted in lower 
encapsulation efficiencies (~33–37 %), suggesting that fewer compo
nents may lead to higher encapsulation. Such a trend was not observed 
by Aroffu et al., who’s enriched transfersomes featured only 5 mg/mL of 
sodium deoxycholate, suggesting a contribution of this compound in the 
decrease of encapsulation efficiencies in the case of C-PC-loaded Hyal- 
transfersomes (Aroffu et al., 2024). Nevertheless, preliminary data 
from our study indicated that a concentration of 10 mg/mL sodium 
deoxycholate was more suitable for formulating enriched transfersomes 
with appropriate characteristics to deliver large, aggregation-prone 
proteins such as C-PC (data not shown).

Since temperature plays a crucial role in vesicle stability, the 
enriched transfersomes were stored at 4 ◦C in a refrigerator and pro
tected from light for 8 months. Their main physicochemical parameters 
(i.e., MD, PI, and ZP) were monitored every 30 days. The formulations 
containing glycerol (Gly-transfersomes, Gly-chol-transfersomes, Hyal- 
gly-transfersomes, and Hyal-gly-chol-transfersomes) exhibited the 
highest stability as all parameters remained unchanged throughout the 
observation period. This is likely due to glycerol’s stabilizing effect on 
phospholipid bilayers, which helps maintain vesicle structure during 
storage (Sapkota et al., 2023; Manca et al., 2016; Alam et al., 2023). In 
contrast, formulations lacking glycerol but containing sodium hyaluro
nate (Hyal- transfersomes and Hyal-chol-transfersomes) showed signif
icant increases in particle size and PI after 4–5 months, indicating 
instability. These were therefore excluded from subsequent in vitro 

studies.
Cytotoxicity studies, conducted on human keratinocytes, revealed 

similar responses to both free C-PC and the C-PC-loaded enriched 
transfersomes (Gly-transfersomes, Gly-chol-transfersomes, Hyal-gly- 
transfersomes, and Hyal-gly-chol-transfersomes) when tested at a con
centration of 1000 μg/mL. Comparable cytotoxic effects at similar 
concentrations were previously reported for free C-PC by Puglisi et al. 
(Puglisi et al., 2022). At lower concentrations (1 and 10 μg/mL), all 
formulations were non-cytotoxic, aligning with published data (Jang 
and Kim, 2021). The C-PC concentration of 10 μg/mL was selected to 
evaluate protection against H2O2-induced oxidative stress. Exposure to 
H2O2 reduced cell viability by ~40 %, whereas treatment with C-PC in 
solution or loaded in vesicles restored cell viability to ~80 %, demon
strating a protective effect against oxidative stress. These results are 
consistent with those reported by Castangia et al., confirming that the 
encapsulation method did not impair the biological activity of C-PC 
(Castangia et al., 2016).

Considering the outcomes of physicochemical characterization, sta
bility, and biological studies, Gly-transfersomes and Gly-chol- 
transfersomes were selected to evaluate C-PC skin accumulation ex 
vivo. A comparison was made between a) C-PC-loaded enriched trans
fersomes, b) C-PC in PBS, and c) C-PC in PBS with 15 % (v/v) of PG 
(positive control). The latter was selected as a positive control due to its 
previously demonstrated ability to enhance C-PC delivery into the 
stratum corneum (Galinytė et al., 2024). As expected, when applied as a 
plain solution, C-PC failed to penetrate the stratum corneum and was 
nearly undetectable. PG improved C-PC deposition in the stratum cor
neum, though its effect was limited. In contrast, C-PC delivered via Gly- 
transfersomes and Gly-chol-transfersomes showed significantly higher 
accumulation, as evidenced by stronger fluorescent signals. Direct 
comparison between studies is difficult due to methodological differ
ences, including the use of varying skin models and experimental con
ditions. Nevertheless, overall findings seem to support the superior 
performance of vesicular carriers, especially when modified. For 
instance, C-PC-loaded PEG-hyalurosomes applied to newborn pig skin 
resulted in detectable protein accumulation in both the epidermis and 
dermis after 8 h (Castangia et al., 2016). In contrast, liposomal formu
lations tested on human skin failed to achieve transdermal permeation, 
with only limited accumulation in the upper layers and approximately 3 
% of the applied dose retained (Manconia et al., 2009). In this study, the 
observed higher accumulation of C-PC in the stratum corneum may 
indicate the formation of a surface reservoir, from which the active 
compound could be gradually released to the deepest skin layers over 
time. This accumulation may be particularly useful for cosmetic or 
preventive dermatological applications where antioxidant protection is 
desired (i.e., UV radiation and environmental pollutants) (Castangia 
et al., 2016; Manconia et al., 2009; Sapkota et al., 2023).

5. Conclusions

This study demonstrated the successful development of enriched 
transfersomes for C-PC skin delivery. Gly-transfersomes and Gly-chol- 
transfersomes exhibited the highest encapsulation efficiency and sta
bility, outperforming sodium hyaluronate-enriched formulations. The 
gentle two-step preparation approach was effective in preserving the 
delicate structure of C-PC, as confirmed by DPPH assay and biological 
tests. Ex vivo studies demonstrated the superior ability of Gly- 
transfersomes and Gly-chol-transfersomes to enhance C-PC accumula
tion in the stratum corneum compared to the C-PC solution, regardless of 
the presence of a penetration enhancer such as PG. Considering the 
protective effects observed at a cellular level, enriched transfersomes 
carrying C-PC hold strong potential for preventive skin care applications 
against ROS inducers such as UV radiation and environmental pollut
ants. Nonetheless, further studies are needed to quantitatively evaluate 
the deposition of C-PC in the skin via these enriched transfersomes.
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