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Abstract
This study investigates the influence of phospholipid saturation by comparing hydrogenated soy phosphatidylcholine 
(HSPC) and egg yolk phosphatidylcholine (EPC) on the physicochemical characteristics, colloidal stability, drug release 
behavior and antioxidant activity of quercetin-loaded ceramide-containing liposomes for topical delivery. Liposomes 
composed of EPC:Cer:Que and HSPC:Cer:Que were prepared by thin-film hydration followed by sonication. The 
nanosystems were studied for particle size, polydispersity index, ζ-potential, and entrapment efficiency. Colloidal 
stability was evaluated under mechanical stress, accelerated aging, and long-term storage, while in vitro drug release, 
drug retention, and antioxidant activity were assessed under simulated skin conditions. Incorporation of ceramides into 
EPC bilayer reduced stability issues associated with unsaturated phospholipids and maintained a fluid structure, pro-
moting drug release. Both formulations exhibited enhanced colloidal stability with EPC-based liposomes maintaining 
their properties at all conditions, whereas HSPC-based liposomes showed increased particle size following mechanical 
stress. HSPC-based liposomes demonstrated higher quercetin entrapment efficiency (63 ± 5%), improved retention 
over time (75% at 90 days), and a more sustained release (45% at 480 min). EPC-based ceramide-containing liposomes 
exhibited faster release (50% at 240 min), resulting in greater antioxidant activity as indicated by DPPH assay (0.474 
ascorbic acid equivalents), while FRAP assay results were comparable for both formulations (0.012 Fe2+ equivalents), 
indicating consistent ferric reducing potential after release. These findings highlight the significance of phospholipid 
composition in liposome behavior and provide insights into the design of stable and effective ceramide-containing 
nanosystems for topical delivery of poorly water-soluble compounds such as quercetin, with potential applications in 
managing photoaging, inflammation, and wound healing.
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Introduction

Quercetin is a natural flavonoid biomolecule, which has 
gained significant attention, exhibiting anti-inflammatory, 
antioxidant, antimicrobial, and anti-cancer properties 
[1–4]. However, the lipophilic nature, low oral absorp-
tion, and enzymatic degradation of quercetin limits its 
clinical application. To address these challenges, several 
nanosystems have been developed, mainly lipid-based, for 
enhancing quercetin delivery and bioavailability [5–8].

Among a wide range of nanocarriers, liposomes exhibit 
several advantages for quercetin delivery. Liposomes are 
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colloidal, pseudo-spherical vesicles composed of lipid 
bilayers and an aqueous core [9]. These vesicles are 
formed as amphiphilic molecules, such as phospholipids, 
self-assemble in an aqueous environment. The unique 
structure of liposomes allows the entrapment of both 
hydrophilic and lipophilic molecules, making them suit-
able nanocarriers in various pharmaceutical and biomedi-
cal applications [10, 11]. Moreover, liposomes are widely 
utilized in drug delivery due to their biocompatible and 
biodegradable nature, as well as their ability to protect 
drugs from degradation, and potential for targeted delivery 
through surface modifications [12, 13].

Lipid composition plays a crucial role in liposome 
properties including particle size, membrane rigidity, 
fluidity, colloidal stability, and surface charge [12, 14, 
15]. Specifically, saturated phospholipids, such as hydro-
genenated soybean phosphatidylcholine (HSPC) and dipal-
mitoylphospharidylcholine (DPPC), enhance membrane 
stability and drug retention as they form more rigid lipid 
bilayers with limited permeability [16, 17]. In contrast, 
unsaturated phospholipids, such as egg yolk phosphati-
dylcholine (EPC) increase membrane fluidity, promoting 
more efficient drug release, whereas lead to reduced struc-
tural stability [18, 19].

Beyond systemic administration, liposomes have been 
used as nanocarriers for topical drug delivery, especially 
for enhancing the permeability and efficacy of bioactive 
molecules through the skin [20–23]. Due to their simi-
larity to biological membranes, liposomes facilitate drug 
penetration, while also offering controlled release and 
enhanced stability. These properties make them suitable 
nanocarriers for increasing the biodistribution of bio-
molecules, reducing side effects, and improving the skin 
absorption of both hydrophilic and lipophilic compounds 
[24–27].

In this context, ceramides are incorporated into liposo-
mal nanosystems for topical application, due to their cru-
cial role in skin barrier function, hydration, and structural 
integrity. As major components of the stratum corneum 
(SC), they regulate cell adhesion, epidermal differentia-
tion, and prevent transepidermal water loss [28–30]. At 
least 21 distinct ceramide subclasses have been identified 
in the SC, with variations in headgroup and fatty acid 
chain length [31]. However, their application is limited due 
to their hydrophobic nature. To overcome this challenge, 
ceramides are incorporated into liposomes to enhance 
the stability, bioavailability, and skin penetration of bio-
molecules. Several ceramide-containing liposomes have 
been developed to improve skin permeation of bioactive 
molecules and provide controlled drug release [18, 32, 
33]. When ceramides are combined with unsaturated phos-
pholipids, such as egg yolk phosphatidylcholine (EPC), 

the resulting lipid bilayers exhibit increased fluidity and 
permeability [18]. This leads to more efficient drug release 
and may compromise structural stability issues of pure 
EPC lipid bilayers. Ceramide-based liposomes can also 
promote fusion with the stratum corneum, thus improv-
ing drug delivery. Although various lipid-based formula-
tions have been investigated for topical quercetin delivery, 
there is limited understanding of how the saturation level 
of phospholipids influences the structural and functional 
properties of ceramide-containing liposomes.

The objective of this research was to develop ceramide-
containing liposomal nanosystems for topical quercetin 
delivery and to evaluate the impact of lipid composition on 
their stability, entrapment efficiency, and release kinetics 
under simulated skin conditions. Specifically, ceramides, 
essential components of the skin barrier, were incorporated 
into liposomes composed of either hydrogenated soy phos-
phatidylcholine (HSPC) or egg yolk phosphatidylcholine 
(EPC) to enhance quercetin skin penetration. HSPC exhib-
its greater membrane rigidity and enhanced stability due to 
its high saturation, whereas EPC provides a more flexible 
membrane structure that can improve skin permeation and 
drug release. This study provides insights into the potential 
of HSPC:Ceramides:Quercetin (2:1:0.5 molar ratio), and 
EPC:Ceramides:Quercetin (2:1:0.5 molar ratio) nanosystems 
for topical quercetin delivery. To the best of our knowledge, 
this is the first report to compare the impact of phospholipid 
saturation, specifically hydrogenated soy phosphatidylcho-
line (HSPC) and egg yolk phosphatidylcholine (EPC), on the 
structural and functional integrity of ceramide-containing 
liposomes for topical quercetin delivery.

Materials and Methods

Materials

The liposomal nanosystems were prepared using L-α-
phosphatidylcholine, hydrogenated (Soy) and L-α-
phosphatidylcholine (95%) (Egg, Chicken), both obtained 
from Avanti Polar Lipids Inc. (Alabaster, AL, USA). The 
ceramide mixture derived from a natural bovine source was 
purchased from Matreya LLC (State College, PA, USA). 
Quercetin was obtained from Fluka BioChemika (Buchs, 
Switzerland). Ferrous chloride hexahydrate was obtained 
by Panreac Applichem (Barcelona, Spain), 2,4,6-tripyridyl-
s-triazine (TPTZ) by Alfa Aesar (Stoughton, MA, USA), 
and ferrous sulfate heptahydrate by Riedel de Haen (Seelze, 
Germany). Chloroform, methanol, ethanol, and H2O (all 
HPLC grade) were purchased from Fisher Scientific (UK). 
2,2-diphenyl-1-picrylhydrazyl (DPPH), and ascorbic acid 
were obtained from Sigma-Aldrich (Darmstadt, Germany).
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Preparation of Liposomal Nanosystems

Ceramide-containing liposomal nanosystems were devel-
oped by thin-film hydration method followed by sonica-
tion, as described in our previous studies [34]. Empty 
liposomes were developed composed of EPC:Ceramides 
(2:1 molar ratio), and HSPC:Ceramides (2:1 molar 
ratio), whereas quercetin-loaded liposomes included 
EPC:Ceramides:Quercetin (2:1:0.5 molar ratio) and 
HSPC:Ceramides:Quercetin (2:1:0.5 molar ratio). The 
selected molar ratio was based on previously reported for-
mulations that demonstrated stable liposome formation [35, 
36]. Specifically, aliquots of EPC or HSPC were mixed with 
ceramides and dissolved in chloroform, while for quercetin-
loaded liposomes, chloroform/ethanol (3:1 v/v) was used 
to dissolve lipids and quercetin. Subsequently, the solvents 
were evaporated into a round-bottom flask (40 °C, 30 min) 
using a rotary evaporator (Rota vapor R-114, Buchi, Swit-
zerland). The formed lipid film was hydrated with HPLC-
grade water (Clipid = 10 mg/mL) and stirred for 60 min in a 
water bath at 40 °C for EPC-based liposomes and 60 °C for 
HSPC-based liposomes. The formed multilamellar vesicles 
(MLVs) were subjected to two sonication cycles (amplitude 
70, cycle 0,5) of 5 min, which were interrupted by a 5 min 
resting period using a probe sonicator (UP 200S, dr. hielsher 
GmbH, Berlin, Germany). Following sonication, the small-
unilamellar vesicle (SUV) dispersion was incubated for at 
least 1 h at a temperature above the main phase transition 
temperature (Tm) of the lipid used in each case to anneal 
any structural defects of the vesicles. Residual liposomal 
aggregates and titanium fragments remaining in the sample 
were separated by centrifugation at 5000 × g for 30 min to 
yield a clear suspension of liposomes [37].

Physicochemical Characterization

Dynamic and Electrophoretic Light Scattering

The physicochemical properties of the developed ceramide-
containing liposomes were determined using dynamic light 
scattering (DLS) and electrophoretic light scattering (ELS) 
on the day of preparation. Specifically, DLS was used to 
measure the mean hydrodynamic diameter (Dh) and poly-
dispersity index (PDI), while ELS was utilized to determine 
the ζ-potential. Each sample (50 μl) was diluted 20-fold with 
HPLC-grade water, and all measurements were conducted at 
25 °C (detection angle 90º) using a photon correlation spec-
trometer (Zetasizer ZSU3105, Malvern, UK). Data analy-
sis was performed with ZS XPLORER software (Malvern 
software).

Entrapment Efficiency Determination

The entrapment efficiency of quercetin in ceramide-con-
taining liposomes was determined using the ultrafiltration 
centrifugal method, as described in our previous study [6]. 
Briefly, the samples were placed into centrifugal filter tubes 
(MWCO 10 kDa, Millipore) and centrifuged for 45 min at 
5000 rpm. Following centrifugation, free quercetin was 
quantified at 372 nm using UV–Vis spectrophotometry (Shi-
madzu PharmaSpec UV-1700 UV–Vis spectrophotometer) 
and a preconstructed calibration curve. The empty formula-
tions were used as blank [35], and the entrapment efficiency 
(EE) % was determined by the equation:

where Csupernatant is the concentration of free quercetin and 
Ctotal is the initial concentration of quercetin used in the 
formulation.

Stability Studies

The stability of the nanosystems was assessed under differ-
ent conditions by monitoring changes in their physicochemi-
cal properties. Stability assessments included centrifugation, 
accelerated aging, long-term storage, and drug retention to 
simulate various stress conditions and storage environments 
[39].

Physical Robustness Test

The quercetin-loaded nanosystems were subjected to cen-
trifugation at 2000 rpm for 30 min at ambient temperature 
to evaluate their resistance to mechanical stress and potential 
aggregation.

Accelerated Aging Stability Test

To assess stability under stress conditions, the quercetin-
loaded nanosystems were subjected to three aging cycles 
between 45 °C at 75% humidity and 25 °C, each for 24 h. 
Subsequently, the dispersions were examined for phase sepa-
ration, and hydrodynamic diameter and polydispersity index 
were measured.

Long‑term Storage Stability

The physical stability of both empty and quercetin-loaded 
nanosystems was evaluated over 28 days of storage at 4 °C 
to simulate typical storage conditions. For this purpose, 
the physicochemical properties of the prepared nano-
systems, including the hydrodynamic diameter (Dh) and 

(1)(EE)% =

(

1 −
Csupernatant

Ctotal

)

× 100
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polydispersity index (PDI) were monitored at predetermined 
times points over 28 days.

Drug Retention Study

The colloidal stability of quercetin-loaded nanosystems dur-
ing storage was also evaluated by determining drug reten-
tion over a 90-day period at 4 °C. Specifically, entrapment 
efficiency (EE%) was measured at predetermined time points 
(t = 0, 30, 60, and 90 days) to assess the amount of quercetin 
retained within the nanosystems [40]. At each time point, 
samples were collected and subjected to ultrafiltration to 
separate the free drug from the entrapped fraction. Drug 
retention (%) at each time point was expressed relative to 
day 0 using the following equation:

where EE%t is the entrapment efficiency of quercetin at time 
t, and EE%day 0 is the entrapment efficiency on the day of 
nanoparticle preparation.

Drug Release Studies

In Vitro Release Study

The release behavior of quercetin from ceramide-containing 
liposomes was evaluated using the dialysis method. Dialysis 
was performed using dialysis bags (MWCO 10 kDa) (Sigma 
Aldrich, Darmstadt, Germany). The dissolution medium 
consisted of a PBS/EtOH (1:1, v/v) mixture at pH = 5.5 
(0.1 M citric acid) [41]. Before use, the dialysis bags were 
pre-soaked under continuous water flow for 30 min and then 
heated in distilled water at 50 °C for 15 min [42]. An aliquot 
of 0.5 mL freshly prepared EPC:Ceramides:Quercetin, and 
HSPC:Ceramide:Quercetin liposomes were placed in dialy-
sis bags and transferred to a beaker containing 15 mL disso-
lution medium. The beakers were maintained at 32 ± 0.5 °C 
in a shaking water bath throughout the experiment. At pre-
defined time points (60, 120, 180, 240, 480, 1260 min), ali-
quots of 1 mL of the dissolution medium were withdrawn 
and replaced by fresh medium [43]. The concentration of 

(2)Drug Retention (%) =

(

EE%t

EE%day0

)

× 100

quercetin was measured by UV–Vis spectrophotometry at 
372 nm. Subsequently, the percentage of cumulative querce-
tin release was calculated using a preconstructed calibration 
curve.

Release Kinetics

The release mechanism of quercetin from the prepared 
ceramide-containing liposomes was evaluated using the 
determined in vitro release data, which were fitted to vari-
ous mathematical models, including zero order, first order, 
Korsmeyer-Peppas, and Higuchi (Table I). The experimental 
results were analyzed using linear regression, and the regres-
sion coefficient (R2) was calculated for all kinetic models 
using linear regression fitting in Microsoft Excel. The model 
exhibiting the highest R2 value was considered the most suit-
able for describing quercetin release kinetics [43, 44].

Antioxidant Activity of Liposomes

DPPH Radical Scavenging Assay for Antioxidant Activity

The antioxidant activity of free quercetin and quercetin-
loaded nanocarriers was evaluated using the 2,2-diphenyl-
1-picrylhydrazyl (DPPH) assay, following the protocol 
described by Brand-Williams et al. (1995) and Kim et al. 
(2002) [45, 46]. Ascorbic acid was used as a positive control 
at concentrations ranging between 2 mg/mL and 0.01 mg/
mL to validate the assay’s performance.

A 0.1 mM DPPH solution in methanol was prepared, 
and 195 μL of the solution was added to each well of a 
96-well plate. A 0.6 mg/mL stock solution of quercetin 
in water for injection (WFI) was prepared. Then, 5 μL of 
various concentrations of quercetin (0.6 to 0.005 mg/mL) 
were added to DPPH solution. Similarly, quercetin-loaded 
liposomes were prepared from stock solutions of 0.54 mg/
mL (HSPC:Cer:Que) and 0.38 mg/mL (EPC:Cer:Que), 
with final concentrations adjusted to match the dilution 
range used for free quercetin. The reaction mixtures were 
incubated in the dark at 25 °C for 30 min. The absorb-
ance of each sample was measured at 540 nm using an 
SunriseTM microplate reader (TECAN Trading AG, 

Table I   Mathematical 
models used to analyze the 
release kinetics of quercetin-
loaded ceramide-containing 
nanosystems

Q: the amount of drug released at time t; Q0: the initial amount of drug; k: the kinetic release constant; n: 
the diffusion exponent

Release kinetic model Mathematical equation Plot

Zero order Q = Q0 + k × t Cumulative % of Que released vs. time
First order Q/Q0 = 1—e(−k×t) Log cumulative % of Que remaining vs. time
Higuchi Qt = KH t1/2 Cumulative % of Que released vs. square root of time
Korsmeyer-Peppas Q/Q0 = kKP × tn Log cumulative % Que released vs. Log time
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Männedorf, Switzerland). Each analysis was performed 
in duplicate.

The DPPH radical scavenging activity (%) was calculated 
using the following equation:

(3)DPPH radical scavenging (%) = 100 −

(

Abscontrol − Abssample

Abscontrol

)

× 100

where Abssample is the absorbance of the reaction mixture 
containing the sample, and Abscontrol is the absorbance of 
the DPPH solution without any sample.

The results were expressed as ascorbic acid equivalents 

(mg ascorbic acid/mL solution), based on a calibration 
curve spanning 0.01–2 mg/mL.

Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reducing antioxidant power (FRAP) assay was 
used to further assess the antioxidant activity of free 
quercetin and quercetin-loaded nanocarriers. This assay 
is based on the reduction of Fe3+ to Fe2+, which is chelated 
by 2,4,6-tris(pyridin-2-yl)−1,3,5-triazine (TPTZ) to form 
a colored Fe2+–TPTZ complex with maximum absorb-
ance at 595 nm. The FRAP reagent was freshly prepared 
by mixing 50 mL of acetate buffer (300 mM, pH = 3.6), 
10 mL of TPTZ solution (6 mM in 40 mM HCl), and 
10 mL of FeCl3⋅6H2O solution (20 mM) [47–50]. In a 
96-well plate, 28 μL of acetate buffer solution was added, 
followed by 40 μL of the FRAP reagent (or deionized 
water for the blank) and 30 μL of the sample or standard. 
After incubation for 4 min in the dark, at room tempera-
ture, absorbance was measured at 595 nm. The antioxidant 
capacity was evaluated using a calibration curve of FeSO4 
(1–0.025 mM) using the net absorbance of the samples 
(original absorbance minus those of respective blank 
and negative control). Each analysis was performed in 
duplicate. The results were expressed as Fe2+ equivalents 
(μmol) [50, 51].

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 
8.0 software package (San Diego, USA). All experiments 
were conducted in triplicate, and results are expressed as 
the mean ± SD. The statistical significance was evaluated 
using one-way ANOVA followed by Tukey’s post hoc test 
(p < 0.05).

Results and Discussion

Physicochemical Characterization of the Empty 
and Quercetin‑Loaded Ceramide‑Containing 
Liposomes

The physicochemical properties of both empty and querce-
tin-loaded ceramide-containing liposomes were assessed on 
the day of preparation. As presented in Fig. 1a, the hydro-
dynamic diameter of HSPC-based ceramide-containing 
liposomes significantly increased upon quercetin incorpo-
ration from 90 to 120 nm,, which can be attributed to drug-
lipid interactions that affect the rigidity of the HSPC:Cer 
lipid bilayer. In contrast, EPC:Cer liposomes exhibited a 
smaller size increase, indicating that higher membrane flu-
idity facilitates quercetin incorporation without significantly 
affecting vesicle size. Several studies indicate that the incor-
poration of small lipophilic drugs or bioactive molecules can 
impact liposome elasticity and mechanical stability, leading 
to changes in hydrodynamic diameter, morphology, mem-
brane permeability, and drug loading efficiency [52, 53]. 
Regarding the polydispersity index, quercetin incorporation 
led to a significant increase in HSPC:Cer liposomes from 
0.270 to 0.375, while EPC:Cer liposomes exhibited a lower 
PDI value, indicating that the dispersion had a greater homo-
geneity on the day of preparation (Fig. 1b).

The entrapment efficiency of quercetin in ceramide-con-
taining liposomes was evaluated, along with the ζ-potential 
measurements to assess colloidal stability. According to 
Table II, HSPC:Cer nanosystem exhibited higher quercetin 
incorporation compared to EPC-based liposomes, likely due 
to greater membrane rigidity and tighter lipid packing. Specifi-
cally, the saturated phospholipid HSPC, when combined with 
ceramides, forms a more ordered and rigid bilayer, enhancing 
quercetin incorporation during liposome formation. In contrast, 
EPC-based liposomes form a more fluid lipid bilayer combined 
with ceramides, and, therefore, result in lower quercetin incor-
poration and greater variability in size distribution (Fig. 1b). 
A previous study reported that EPC:Cer:Que (3:1:0.5 molar 
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ratio) nanoparticles incorporating cholesterol and oleic acid 
exhibited an entrapment efficiency up to 60%, similar to our 
findings, where EPC-based liposomes exhibited 51% entrap-
ment efficiency and HSPC-based liposomes reached 63% [35].

The prepared nanosystems exhibited ζ-potential values 
indicative of sufficient electrostatic repulsion, which prevents 
nanoparticle aggregation and provides colloidal stability. 
These repulsive forces can influence nanoparticle interactions 
with biological barriers and affect penetration upon topical 
administration [54]. Specifically, ζ-potential is related to the 
nanoparticle surface charge and plays a crucial role in interac-
tions with cells, which are typically negatively charged. All 
liposomes in this study exhibited negative ζ-potential values 
ranging from − 40 mV to − 20 mV, indicating good colloi-
dal stability (Table II). The skin, composed of an anionic 
lipid-rich stratum corneum, also exhibits a negative charge, 
however, the influence of liposome surface charge on skin 

permeability remains uncertain. The role of surface charge in 
liposomal skin permeation is not clearly defined, as current 
findings remain inconsistent [55, 56].

Stability Studies

Physical Robustness Test

The quercetin-loaded ceramide-containing nanosystems were 
evaluated for physical robustness after centrifugation. Specifi-
cally, EPC:Cer:Que exhibited no significant changes in size 
and polydispersity index, with no signs of phase separation, 
indicating that the nanosystem maintained its structural integ-
rity and colloidal stability under centrifugal stress. In contrast, 
HSPC:Cer:Que showed a statistically significant change in 
size (p < 0.01), suggesting potential instability under the same 
conditions (Fig. 2a,b). This behavior can result from the rigid 
nature of HSPC-based bilayers, which reduces flexibility under 
mechanical stress and can promote structural destabilization 
during centrifugation. These findings indicate that EPC-based 
liposomes can provide greater stability under mechanical 
stress, a critical consideration for maintaining formulation 
integrity during manufacturing, handling and extended storage.

Accelerated Aging Stability

All quercetin-loaded nanosystems were subjected to accel-
erated aging, including 3 cycles of heating and cooling at 
45 °C and 25 °C, respectively. The results indicate that both 
nanosystems demonstrate long-term stability potential, as 

Fig. 1   The hydrodynamic diam-
eter (a) and polydispersity index 
(b) of the developed empty and 
quercetin-loaded ceramide-
containing liposomes on the day 
of preparation (t = 0 day) (** 
p < 0.01; *** p < 0.001; **** 
p < 0.0001; ns, no significance) 

Table II   The ζ-potential and entrapment efficiency of the developed 
nanosystems on the day of preparation (t = 0 day). The results are the 
mean ± standard deviation (n = 3)

Nanosystem Molar Ratio ζ-potential
(mV)

Entrapment 
Efficiency
(%)

HSPC:Ceramides 2:1 −21.6 ± 4.6 -
HSPC:Ceramides:Quercetin 2:1:0.5 −28.2 ± 1.8 63 ± 5
EPC:Ceramides 2:1 −40.3 ± 2.2 -
EPC:Ceramides:Quercetin 2:1:0.5 −34.5 ± 0.3 51 ± 3
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the hydrodynamic diameter was not significantly affected 
(Fig. 3a). Notably, the EPC:Cer:Que nanosystem showed 
a significant decrease in PDI value (p < 0.05) from 0.480 
to 0.380 after accelerated aging. (Fig. 3b). The observed 
difference in stability between the EPC- and HSPC-based 
liposomes under accelerated aging conditions can be attrib-
uted to the intrinsic fluidity of EPC bilayers, leading to 
greater lipid and ceramide rearrangement and improved 
homogeneity, as indicated by the reduced PDI value. In con-
trast, the more rigid HSPC-based liposomes exhibited limited 
structural reorganization under thermal stress. In addition, 
visual inspection of the samples revealed no signs of phase 
separation.

Long‑term Storage Stability

The physical stability of both empty and quercetin-loaded nano-
systems was evaluated over 28 days of storage at 4 °C. (Fig. 4a, 
b). Nanoparticle stability can be influenced by several factors 
affecting vesicle integrity and aggregation behavior, including 
lipid composition, drug incorporation, and storage conditions 
[54]. In this study, all nanosystems were relatively stable in 
terms of size over the storage period, however, fluctuations in 
PDI were observed. The HSPC:Cer liposomal nanosystem con-
sistently exhibited a lower PDI value compared to the EPC:Cer 
nanosystem, a trend that was maintained after quercetin incor-
poration, indicating greater homogeneity.

Fig. 2   The hydrodynamic diameter (a) and polydispersity index (b) of quercetin-loaded ceramide-containing liposomes before and after cen-
trifugation (** p < 0.01)

Fig. 3   The hydrodynamic diameter (a) and polydispersity index (b) of quercetin-loaded ceramide-containing liposomes on the day of prepara-
tion and after accelerated aging cycles (* p < 0.05)



	 AAPS PharmSciTech          (2025) 26:235   235   Page 8 of 13

Retention of Quercetin During Storage at 4 °C

The retention of quercetin during prolonged storage and, 
thus the leakage of the encapsulated fraction depends on sev-
eral factors including the vesicle type, lipid composition, and 
Tm of the respective lipid bilayer [37]. In this study, querce-
tin retention was directly influenced by the lipid composition 
of the nanosystems. Specifically, HSPC:Cer:Que liposomes 
maintained approximately 90% of the content at day 30, 
with a gradual decrease to 80% and 75% at days 60 and 90, 
respectively (Fig. 5). In contrast, EPC:Cer:Que liposomes 
exhibited a significant decrease at day 30 (p < 0.01), with 
quercetin retention decreasing to 60% at days 60 and 90, 
respectively (p < 0.0001). These results are likely due to 
the fluid phase of EPC at 4 °C, which can affect membrane 
integrity and promote drug leakage over time. Overall, 
HSPC-based liposomes demonstrated superior colloidal sta-
bility and quercetin retention under storage conditions, high-
lighting the role of lipid phase behavior and composition 

in long-term formulation stability. These findings suggest 
that quercetin leakage from EPC-based liposomes can affect 
therapeutic efficacy by reducing the available drug dose 
over time. From a formulation perspective, this highlights 
the importance of selecting lipids with higher membrane 

Fig. 4   The hydrodynamic diameter (a) and polydispersity index (b) of empty and quercetin-loaded ceramide-containing liposomes during stor-
age at 4 °C over time (* p < 0.05; ns, no significance)

Fig. 5   Quercetin retention 
in HSPC:Cer:Que (red) and 
EPC:Cer:Que (blue) nanosys-
tems during storage at 4 °C over 
90 days. Statistical significance 
compared to day 0 for each 
formulation (* p < 0.05; ** 
p < 0.01; **** p < 0.0001). Data 
are expressed as the mean ± SD 
(n = 3)

Table III   The stability of HSPC:Cer:Que and EPC:Cer:Que liposomal 
formulations under mechanical stress, accelerated aging, and long-
term storage along with the drug retention efficiency. The stability 
is assessed based on changes in particle size, while drug retention is 
evaluated over 90 days by quantifying quercetin entrapment efficiency

√: maintained stability or drug retention; ** indicates p < 0.01; **** 
indicates p < 0.0001 —statistically significant decrease in stability or 
drug retention

Nanosystem Mechani-
cal Stress

Accel-
erated 
Aging

3-month 
storage

Drug Retention

HSPC:Cer:Que ** √ √ **
EPC:Cer:Que √ √ √ ****
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rigidity, such as HSPC, to improve long-term stability and 
maintain drug retention during storage.

The results of the stability studies and quercetin retention 
for the prepared nanosystems are summarized in Table III.

Drug Release Studies

In Vitro Release Study

In this study, quercetin was used as a model lipophilic 
antioxidant compound to evaluate its release from liposo-
mal formulations under in vitro conditions simulating the 
skin environment. The cumulative drug release profiles of 
quercetin from HSPC:Cer:Que and EPC:Cer:Que liposomal 
nanosystems were assessed through the dialysis method over 
time. Specifically, the cumulative quercetin release (%) was 
calculated at pre-determined time points. As shown in Fig. 6, 
both nanosystems exhibited a biphasic release pattern, char-
acterized by an initial rapid release phase, followed by a 
sustained release until 1440 min. In HSPC:Cer:Que nano-
system, quercetin release was observed gradually, reaching 
approximately 45% at 480 min, after which the release rate 
slowed down until a plateau was observed. This sustained 
release behavior can be attributed to HSPC lipid, which 
forms rigid and highly ordered bilayers, which, in combina-
tion with ceramides, can restrict quercetin diffusion, result-
ing in a more controlled and prolonged release profile. In 
contrast, the EPC:Cer:Que nanosystem exhibited a faster 
release rate, reaching 50% cumulative release at 240 min. 
The release plateau was earlier compared to HSPC-based 
liposomes, indicating a less controlled release mechanism. 
This result can be attributed to EPC lipid, due to its high 
content of unsaturated lipids that form a more fluid and per-
meable bilayer, facilitating drug release from liposomes at 
32 °C [57].

The drug release profile for both HSPC:Cer:Que and 
EPC:Cer:Que formulations, reaching approximately 50%, 
aligns with previous studies on lipid-based nanoparti-
cles incorporating lipophilic drugs, where release does 
not exceed 60% due to hydrophobic interactions between 
the drug and the lipid membrane [42, 58, 59]. A similar 
release profile (~ 60%) was observed in a previous study with 
quercetin-loaded liposomes composed of phospholipids and 
cholesterol at a molar ratio of 3:1 [60]. Although this rate 
of release can raise concerns regarding therapeutic efficacy, 
it can still be adequate for localized or sustained delivery 
applications, where prolonged retention and controlled 
release are desirable. The obtained release profiles suggest 
that HSPC-based liposomes could be more suitable for sus-
tained release in chronic topical treatments, while the faster 
release from EPC-based liposomes could be more appropri-
ate for acute conditions, which require a rapid therapeutic 
effect.

Release Kinetics of Quercetin from Ceramide‑containing 
Liposomes

Release kinetics analysis was performed by fitting the exper-
imental results from quercetin release study to various math-
ematical models, providing the correlation coefficient (R2), 
release rate constant (k), and release exponent (n) values 
for quercetin-loaded nanosystems, as presented in Table IV.

The results showed that HSPC:Cer:Que nanosys-
tem exhibited high correlation with the Korsmeyer-
Peppas (R2 = 0.961) and Higuchi (R2 = 0.959) models. 
EPC:Cer:Que nanosystem followed the Higuchi model 
(R2 = 0.961), indicating release mechanism is influenced 
by the lipid composition. The release exponent (n) for 
HSPC:Cer:Que was 0.847, indicating an anomalous (non-
Fickian) transport mechanism (0.45 ≤ n ≤ 0.89), where 

Fig. 6   Cumulative (%) QUE release from HSPC:Cer:Que and EPC:Cer:Que liposomes (pH = 5.5) (n = 3). Created in Biorender (https://​www.​
biore​nder.​com/)

https://www.biorender.com/
https://www.biorender.com/
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both diffusion and matrix relaxation contribute to drug 
release [61]. The release rate constant (k) provides fur-
ther insights into the release behavior, with higher values 
indicating a faster drug release rate [62]. Specifically, 
the Korsmeyer-Peppas rate constant value (kKP) was nota-
bly higher for HSPC:Cer:Que (kKP = 3.269) compared to 
EPC:Cer:Que (kKP = 1.059), indicating a more sustained 
release from HSPC-based liposomes. The Higuchi rate 
constant value (kH), which characterizes the drug release 
rate from a matrix system, was relative for HSPC:Cer:Que 
(kH = 2.909) and EPC:Cer:Que (kH = 3.256), demon-
strating that diffusion plays a crucial role in both nano-
systems, however is more pronounced in EPC-based 
liposomes. The EPC:Cer:Que nanosystem following the 
Higuchi model suggests that drug release is primarily 
performed by Fickian diffusion, where quercetin trans-
port occurs through the lipid matrix in a time-dependent 
manner [63]. This result aligns with the higher membrane 
fluidity of EPC, which facilitates faster drug release. The 
initial burst release of quercetin in EPC-based liposomes 
can be attributed to their more permeable bilayer, which 
facilitates rapid diffusion, followed by a sustained release 
phase controlled by matrix diffusion. These findings are 
in accordance with the observed drug release profiles, 
where EPC:Cer:Que exhibited a faster initial release, 
while HSPC:Cer:Que demonstrated a more sustained 
and controlled release over time. The results indicate 
that the drug release behavior of the prepared ceramide-
containing nanoparticles is influenced by the fluidic state 
of EPC-based liposomes and the gel state of HSPC-based 
liposomes, suggesting that lipid composition and nature 
primarily govern the release rate [64].

Antioxidant Activity of Quercetin‑Loaded 
Ceramide‑containing Liposomes

The antioxidant activity of quercetin and quercetin-loaded 
liposomes is summarized in Table V. The free radical 
scavenging activity of the quercetin-loaded liposomes 
and free quercetin was evaluated using DPPH method and 
compared to ascorbic acid to determine the retained anti-
oxidant activity of quercetin following liposomal incor-
poration. Results from the DPPH assay indicate that both 
free quercetin and EPC:Cer:Que nanosystem exhibited 
significantly higher radical scavenging activity which cor-
responded to 0.317 ± 0.161 mg/mL and 0.474 ± 0.004 mg/
mL ascorbic acid equivalents, respectively, compared to 
HSPC:Cer:Que nanosystem (0.157 ± 0.055 mg/mL ascorbic 
acid equivalents, p < 0.001). In this study, the DPPH assay 
revealed clear differences among formulations, with EPC-
based liposomes demonstrating superior radical scaveng-
ing. This can be attributed to EPC, which is an unsaturated 
phospholipid that increases bilayer fluidity and promotes 
more efficient quercetin release. In contrast, HSPC-based 
liposomes exhibit a more rigid bilayer, restricting quercetin 
availability under assay conditions (65). These findings are 
in accordance with previous studies showing that the incor-
poration of lipophilic antioxidant compounds into liposomal 
membranes can preserve their activity, with lipid composi-
tion playing a crucial role in the overall radical scavenging 
activity [47]. In another study, Liu et al. demonstrated that 
incorporation of quercetin in liposomes retained antioxidant 
activity in vitro and showed promising results in vivo on the 
skin of mice with cutaneous eczema [60].

Thus, the superior radical scavenging activity observed in 
the EPC-based liposomes may have significant implications 
for topical skin applications. Oxidative stress is a key factor 
in various dermatological conditions, including photoag-
ing, inflammation, and impaired wound healing [21, 43, 47]. 
Therefore, formulations with enhanced antioxidant potential, 
such as the EPC:Cer:Que nanosystem, could provide better 
protection against reactive oxygen species (ROS) generated 
in the skin microenvironment. This could be translated into 
improved therapeutic outcomes, such as reduced inflamma-
tion, accelerated tissue regeneration, and protection of skin 
barrier function. The higher antioxidant activity of EPC-
based liposomes, which is due to the more efficient release 

Table IV   Release kinetics 
parameters of the in vitro 
quercetin release data 
from ceramide-containing 
nanoparticles

Nanosystem Zero order First order Higuchi Korsmeyer-Peppas

R2 K0 R2 K1 R2 KH R2 KKP n

HSPC:Cer:Que 0.909 0.099 0.931 0.001 0.959 2.909 0.961 3.269 0.847
EPC:Cer:Que 0.835 0.138 0.882 0.001 0.961 3.256 0.907 1.059 0.706

Table V   Antioxidant activity expressed as ascorbic acid equivalents 
(mg/mL, DPPH assay) and Fe2+ equivalents (μmol, FRAP assay)

***  indicates p < 0.001

Sample DPPH assay FRAP assay
ascorbic acid equivalents 
(mg/mL) ± SD

Fe2+ equivalents
(μmol) ± SD

Quercetin 0.317 ± 0.161 *** 0.011 ± 0.005
HSPC:Cer:Que 0.157 ± 0.055 0.012 ± 0.003
EPC:Cer:Que 0.474 ± 0.004 *** 0.013 ± 0.001
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of quercetin, therefore has potential clinical relevance for the 
management of skin disorders associated with oxidative stress.

In contrast, the FRAP assay revealed that all three samples 
(free quercetin, HSPC:Cer:Que, and EPC:Cer:Que) demon-
strated comparable ferric reducing power (approximately 
0.012 ± 0.003 μmol Fe2+ equivalents), with no statistically 
significant differences observed among them (p > 0.05). The 
FRAP assay showed no statistically significant differences 
among samples, suggesting that once quercetin is accessible 
in solution, its reducing capacity is consistent across the pre-
pared formulations.

The differing outcomes between the DPPH and FRAP 
assays can be attributed to the distinct mechanisms underly-
ing each method. The DPPH assay measures the ability of 
antioxidants to donate hydrogen atoms or electrons to a stable 
free radical in a non-aqueous medium, making it sensitive to 
both the solubility and release kinetics of the antioxidant com-
pound [43]. In this context, the superior performance of the 
EPC:Cer:Que system likely reflects the enhanced accessibil-
ity and release of quercetin from the more fluid EPC-based 
bilayer. In contrast, the FRAP assay is based on single electron 
transfer to reduce ferric (Fe3⁺) to ferrous (Fe2⁺) ions in an acidic 
aqueous medium and primarily assesses the intrinsic reducing 
power of antioxidants in solution, regardless of their release 
kinetics or formulation [51]. Thus, once quercetin is solubi-
lized, the reducing capacity appears to be comparable across 
all systems. These observations highlight the importance of 
using multiple antioxidant assays, as each provides comple-
mentary information. DPPH highlights formulation-dependent 
release and radical scavenging, while FRAP reflects the intrin-
sic redox potential. This dual approach offers a more compre-
hensive antioxidant profile of topical formulations.

Conclusion

In conclusion, this study highlights the impact of phos-
pholipid composition in the physicochemical character-
istics, stability, drug release kinetics, and antioxidant 
activity of ceramide-containing liposomal nanosystems 
for topical quercetin delivery. The developed formulations 
maintained colloidal stability after accelerated aging and 
28-day storage at 4 °C, however HSPC:Cer:Que showed 
an increase in particle size under mechanical stress. 
HSPC-based liposomes also exhibited higher quercetin 
entrapment efficiency, improved retention over time, and 
a more sustained release profile compared to EPC-based 
liposomes, due to their more rigid lipid bilayer structure. 
In contrast, EPC-based ceramide-containing liposomes 
exhibited enhanced drug release and showed higher 
antioxidant activity as indicated by the DPPH assay, 
while both formulations demonstrated comparable ferric 

reducing capacity as revealed by the FRAP assay. These 
findings highlight the crucial role of phospholipid satura-
tion influencing the structural and functional behavior of 
ceramide-containing liposomes for effective topical deliv-
ery of quercetin. Future studies will focus on the effect of 
phospholipid saturation on skin penetration.
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